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Abstract
The Wekusko Lake pegmatite field is part of the Green Bay Group of pegmatites located
near Snow Lake, Manitoba, Canada. Within this field, there are at least 13 spodumenebearing pegmatites of varying degrees of mineralization. The abundance of white micas
and the chemical affinity to incorporate Li and other trace elements into its crystalline
structure makes white micas an ideal indicator mineral. The evolution of a melt can be
tracked using trace elements in white mica. The K/Rb ratio vs Cs is used to determine a
link between increasing melt evolution and increased Li contents of both the white mica
and the pegmatite. White mica compositions were examined using portable Raman and
LIBS to evaluate whether Li contents can be determined in the field. The LIBS was able
to identify the pegmatites dikes with the highest Li contents, which can be applied to realtime decision-making during exploration.
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Summary for Lay Audience
The Wekusko Lake pegmatite field is part of the Green Bay Group of pegmatites located
near Snow Lake, Manitoba, Canada. Pegmatites are a key source for Li and rare metals
(e.g., Sn, Cs, Ta, Nb), which are become increasingly more important in society.
Spodumene is the primary mineral from which Li is obtained. The majority of pegmatites
are barren and contain little Li. Distinguishing between Li-rich and Li-poor pegmatites
can be challenging in the field without laboratory testing if spodumene is not visible.

As a pegmatite melt crystallizes the remaining melt becomes more enriched in rare
metals, this process is called evolution. White micas are the third most abundant mineral
in pegmatites and are able to incorporate trace elements (e.g., Li, Cs, Rb, Nb, Ta) into
their crystal structure, relative to the concentration of those elements in the melt. Using
the trace element concentration of the white mica, the evolution and therefore
mineralization potential of the pegmatite can be estimated.

Laboratory testing to determine the chemical composition of rock is a time consuming
and can bottle neck exploration projects trying to plan the next target. Portable LIBS is
able to identify the Li contents of white micas and provide near instantaneous result. The
white mica Li contents can be used to plan new targets for exploration.
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1

Introduction

The demand for lithium (Li) has led to a surge in exploration for new resources (Jaskula,
2016, 2020). Pegmatites are one of the major sources for Li. The majority of pegmatites
are not sufficiently evolved to contain economic concentrations of rare metals such as Li,
Cs, Ta, Nb, and Sn (Černý, 1991b), which become concentrated during the evolution of
the pegmatitic melt through fractionation. White micas are an abundant mineral
throughout the entire body of most pegmatite dikes and white micas incorporate the rare
metals that are enriched during fractionation. This makes white micas an ideal mineral for
tracking the evolution of pegmatite dikes and potentially white micas can be used in
mineral exploration, particularly if the rare metals can be analysed by field portable
instruments.

1.1 Lithium Resources
The widespread use of Li-ion batteries in portable electronic devices, electric vehicles
and grid storage is largely responsible for a global surge in demand of Li. Li-ion batteries
account for 65% of the annual use of Li (Jaskula, 2020). This is an increase from 35% of
the annual Li use in 2014 (Jaskula, 2016). Other uses for Li are ceramics and glass
(18%), lubricating greases (5%), polymers (3%), air treatment (1%), and others (9%)
including pharmaceuticals, and aluminium production (Jaskula, 2020).
Lithium is currently being produced from two primary sources: brines and pegmatites.
The largest global Li source is continental brines, which are enclosed basins where
inflowing waters contain increased Li contains from weathering or alteration of the
surrounding volcanic rocks (Ide and Kunasz, 1989; Kesler et al., 2012; Bowell et al.,
2020). These brines have high volumes and low concentration (0.03-0.3 wt% Li) of Li.
They also produce large amount of accessory B, K, Na, and Mg (Kavanagh, 2018).
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Pegmatites are coarse-grained igneous rocks that have crystallized from highly evolved
magmas. Pegmatites are common worldwide. However, fertile, Li-rich (rare metal)
pegmatites are rare. It is estimated that rare metal pegmatites represent less than 2% of
pegmatites worldwide (Černý, 1991b). Spodumene (LiAlSi2O6) is the most common Lialuminosilicate mineral in pegmatites, followed by petalite (LiAlSi4O10) as well as less
common Li minerals (Grew, 2020). The average ore grade for producing Li pegmatites is
1.4 wt% Li2O (Evans, 2014) and fertile pegmatites commonly contain Be-, Cs-, F-, P-,
Sn-, Ta- and/or Rb-bearing minerals (Kavanagh, 2018).
The worldwide Li resource is estimated to be 80Mt (Jaskula, 2020). Due to continuous
exploration for Li the global resource has nearly doubled in the past decade (Evans 2014;
Jaskula, 2020). Continental brines account for nearly 70% of the world Li resource, but
only 30% of the global Li production. In contrast, pegmatites account for 25% of the
worldwide Li resource and 70% of the global production (Jaskula, 2020). Other sources
of Li are Li-rich clays, geothermal brines, and oilfield brines (Evans, 2014).
The global Li resource is as follows: Boliva 21Mt, Argentina 17Mt, Chile 9Mt, United
States 6.7Mt, Australia 6.3Mt, China 4.5Mt, Congo 3Mt, Germany 2.5Mt,
Canada/Mexico 1.7Mt, Czechia 1.3Mt, Mali/ Russia/ Serbia 1Mt, Zimbabwe 540kt,
Brazil 400kt, Spain 300kt, Portugal 250kt, Peru 130kt, Austria/ Finland/ Kazakhstan
50kt, Namibia 9kt (Jaskula, 2020). The brine-based Li sources are from Argentina,
Bolivia, Chile, China, and the United States, whereas the pegmatite-hosted sources are
from Australia, Austria, Brazil, Canada, China, Congo, Czechia, Finland, Germany, Mali,
Namibia, Portugal, Spain, and Zimbabwe (Jaskula, 2020). Currently the majority of
production comes from Australia, Argentina, Chile and China. Overproduction in 2018
and decreased prices has caused many producing Li operations to postpone expansion
plans and caused smaller projects to stop production (Jaskula, 2020). However, lithium
exploration (in 2022) is currently extremely active in Canada and internationally.
Currently less than 1% of lithium is recycled (Kavanagh, 2018). It is possible to recover
Li from Li-ion batteries because of its low melting point (180°C) and low solubility in
fluoride, carbonate, and phosphate salt forms (Tarascon 2010; Kavanagh, 2018). Lithium
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recycling will likely require a well-established electric vehicle market to become feasible
(Martin et al., 2017; Kavanagh, 2018).

1.2 Pegmatites
Pegmatites are coarse-grained and are characterized by much greater textural variation
compared to more common igneous rocks such as granite (London, 2008). Pegmatites
have highly evolved compositions (enriched in incompatible elements) created by either
extreme fractional crystallization or low degrees of partial melting (anatexis). Pegmatitic
melts have a high viscosity which impedes the ionic diffusion necessary for the crystal
nucleation and contain high concentrations of incompatible and fluxing elements
(Cameron et al., 1949; London and Morgan, 2012). This results in a high degree of
supersaturation in mineral components when crystallization does begin (London, 2018).
As quartz and feldspar crystallize the melt becomes more enriched in incompatible melts
(Ta, Nb), rare alkalis (Li, Cs, Rb) and fluxes such as B, F, Li, P and H2O which lower the
granite melt solidus, reduce the viscosity and increase the ionic diffusivity (Dingwell et
al., 1996; Bartels et al., 2011).
Pegmatites commonly occur as dike swarms that emanate from the roof of the source
granite pluton. Pegmatitic melts are unlikely to migrate beyond the thermal aureole of the
plutonic source (Rubin, 1995). However, more evolved pegmatites can travel further
from the pluton. Depending on the size of the pluton, it is possible for the migrations of
these melts to be measured in kilometers (Baker, 1998). Host rock and structural features
also influence the potential distance from source of a pegmatite dike (Rossovskiy and
Konovalenko, 1979). The pegmatite dikes tend to become more fractionated with
increased distance from the source (Figure 1.1; Černý et al., 1985).
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Figure 1.1: Regional zonation within a pegmatite swarm (modified from Černý, 1991b).
Rare metal pegmatites are divided into two families based on the trace element signatures
LCT (Li-Cs-Ta) and NYF (Nb-Y-F) (Černý, 1991a). LCT pegmatites contain muscovite
as their primary mica and are affiliated with S-type granites (Chappell and White, 2001;
London, 2018). NYF pegmatite contain biotite as the primary mica and are associated
with A-type and I-type granites (Černý and Ercit, 2005; London, 2018). Černý and Ercit
(2005) expanded on the taxonomy adding class, sub-class, type, sub-type (Table 1.1).
Table 1.1.1: The class system of geological, paragenetic and geochemical classification
of granitic pegmatites (From Černý and Ercit, 2005).
Class

Subclass

Abyssal (AB)

AB-HREE
AB-LREE
AB-U
AB-BBe

Muscovite (MS)
Muscovite-Rare-element
(MSREL)

MSREL-REE
MSREL-Li

Type

Subtype
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Rare-element (REL)

REL-REE

Allanite-monazite
Euxenite
Gadolinite

REL-Li

Beryl

Beryl-Columbite
Beryl-Columbite-Phosphate

Complex

Spodumene
Petalite
Lepidolite
Elbaite
Amblygonite

Albite-Spodume
Albite
Miarolitic (MI)

MI-REE

Topaz-Beryl
Gadolinite-Fergusonite

MI-Li

Beryl-Topaz
MI-Spodumene
MI-petalite
MI-Lepidolite

Pegmatites are commonly zoned, segregated by grain size, texture, or mineralogy.
Unzoned pegmatites are typically located in close proximity to the source granite and
tend to be poorly evolved (London, 2008). The zonation within pegmatites is generally
described as border zone, wall zone, intermediate zone, and core (Cameron et al., 1949;
London, 2014). The border zone is the outer most layer, in contact with the host rocks. It
is defined by a fine grain size and diverse mineralogy (Cameron et al., 1949). The wall
zone is the next zone moving inward. It is differentiated by an increase in grain size and
unidirectional solidification textures (Figure 1.2a) and graphic quartz-feldspar
intergrowths (Figure 1.2b). It is common for the wall zone to have a similar mineralogy
to the border zone (Cameron et al., 1949). Inside of the wall zone is the intermediate
zone. The transition wall zone to intermediate zone is typically marked by an increase in
grain size and decrease in graphic textures (Figure 1.2b; Jahns, 1953). Crystal sizes are
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more uniform and crystal orientation is random. It is not uncommon for pegmatites to
have multiple intermediate zones, based on mineralogical variation (Cameron et al.,
1949; Norton 1983). In LCT pegmatites, it is common for Li-aluminosilicates (e.g.,
spodumene, petalite, eucryptite) to form in the inner intermediate zones (London, 2018).
The core zone is the innermost zone of the pegmatite. Most core zones are pure quartz.
Steeply-dipping pegmatites tend to display bilateral concentric zonation, with increased
zonation and chemical evolution toward the top (Cameron et al., 1949, Jahns and
Burnham, 1969). Shallow-dipping pegmatites often display asymmetric zonation in
layers subparallel to the contacts (Norton, 1983).
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Figure 1.2: a) Unidirectional solidification texture (UST) of tourmaline (TurTourmaline, Ab-Albite, Qz-Quartz), Wekusko Lake, Manitoba (this study) b) Graphic
textures, intergrowth of quartz (grey) and K-feldspar (white), Hale quarry, Connecticut
(From London, 2018).

Pegmatites are host to multiple potentially economic Li-bearing minerals. Spodumene
(LiAlSi2O6) is the most common Li-aluminosilicate, theoretically containing 7.9 wt%
Li2O. Spodumene is a white-pale green/ pale yellow clinopyroxene, that forms elongate
and tabular crystals with two cleavage planes parallel to the C-axis (Deer et al., 1977).
The green colour in spodumene is often attributed to the replacement of Al3+ to Fe3+
(Schwartz and Leonard, 1926; Deer et al., 1977). Spodumene at some pegmatites is
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altered to eucryptite (LiAlSiO4) and albite (NaAlSi3O8). Petalite (LiAlSi4O10) is another
common Li-aluminosilicate in pegmatites (most notably Bikita pegmatite, Zimbabwe)
(Evans et al., 2014). Petalite is a white-grey phyllosilicate, that forms massive crystals
with one strong cleavage plane. Petalite readily breaks downs to spodumene and quartz.
Lepidolite and zinnwaldite are Li-micas that currently are of only minor economic
importance. Lepidolite is the name given to micas within a solid-solution between the
mineral endmembers polylithionite (KLi2Al[Si4O10][OH,F]2) and trilithionite
(K[Li1.5Al1.5][AlSi3O10][OH,F]2). Lepidolite is a purple to white mica, that forms
hexagonal sheet-like crystals, with perfect cleavage perpendicular to the C-axis. It is
difficult to identify these micas in the field, consequently the term ‘white’ mica is used to
refer to light colored mica that includes muscovite, polylithionite, trilithioinite, and other
micas such as paragonite (Na equivalent of muscovite) and phengite (Mg-Si substitution
in muscovite). Zinnwaldite is the name given to micas within the solid-solution between
endmembers polylithionite and siderophyllite (KFe2Al[Al2Si2O10][OH]2). Zinnwaldite is
typically brown but may also be green or pale violet and forms hexagonal sheet-like
crystals with perfect cleavage perpendicular to the C-axis. Similar to the term ‘white
mica’, the term ‘dark mica’ is commonly used since zinnwaldite cannot be distinguished
from biotite in hand samples. Other Li-bearing minerals found in pegmatites include
eucryptite, amblygonite ([Li,Na]AlPO4[F,OH]), triphylite (LiFePO4), and lithiophilite
(LiMnPO4).
It is long believed that metasomatism occurs in pegmatites (Schwartz, 1992). Albitization
and greisenisation (white mica replacement) are commonly identified in LCT pegmatites
(Černý, 1986;). Metasomatism in pegmatites continues to be a widely debated topic
(Černý and Burt, 1984; Černý, 1991a; Linnen and Williams, 1993; Audétat and Pettke,
2003; Kontak, 2006; Zajacs et al., 2008; McNeil et al., 2020). Much of the metasomatism
is attributed to post-emplacement alteration by fluids. However, McNeil et al. (2020) has
shown it is possible to crystallize columbite-(Mn) and lithiophilite through aqueous fluidmelt interactions and theorizes that it would also be possible to crystallize rare metal
oxides, other phosphates, and lepidolite by varying the composition of the aqueous fluids.
Hydrothermal Li-micas are of particular interest, as micas are a commonly used to
understand the magmatic evolution of pegmatites (Černý and Burt, 1984; Joliff et al.,
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1987; Roda et al., 1995; Roda et al., 2005; Selway et al., 2005; Roda et al., 2007; Van
Litchervelde et al., 2007; Martins et al., 2012; Kaeter et al., 2018; Xing et al., 2020). This
means muscovite (or white micas), a mineral widely disperse throughout pegmatites,
could be used to better understand both magmatic and hydrothermal processes occurring
within the pegmatite body during crystallization.
Micas are the third most common mineral group in granitic pegmatites (Hawthorne and
Černý, 1982). Micas are members of the phyllosilicates (i.e., sheet silicates, layered
silicates), which references the plate-like and flaky crystal habit. Sheet silicates are
constructed of two types of sheets: tetrahedral sheets (T) and octahedral sheets (M).
Micas have a T-M-T+C structure, where C is a positively charged interlayer cation
(Figure 1.3). There are two variations of the octahedral sheet, dioctahedral containing two
trivalent cations and trioctahedral containing three divalent cations. Muscovite, the
prevalent mica in LCT pegmatites, is a dioctahedral mica. Polylithionite, a Li-rich mica,
is trioctahedral. As muscovite incorporates Li into its crystal structure Li+ and a divalent
cation (e.g., Mg2+, Fe2+, Mn2+) replaces Al3+ in the octahedral site, transitioning
muscovite from a dioctahedral to trioctahedral mica (Monier and Robert, 1986a,b;
Brigatti et al., 2001). White micas are stable over a wide range of physiochemical
environments and maintain chemical equilibrium with the melt through recrystallization
(Tischendorf, 1997, London, 2005). The chemical behaviour of white mica is well
understood and can be modelled with Rayleigh fractional crystallization (Hulsbosch et
al., 2014). White micas can incorporate many incompatible elements (e.g., Li, Be, Rb,
Cs, Sn, Ta, Nb) (Fleet, 2003). These elements can be used as indicators for chemical
evolution with pegmatites. K/Rb ratios are commonly used to as an indicator of
fractionation. A decreasing K/Rb ratio is typically coupled with increasing incompatible
elements to indicate increasing fractionation/ evolution (Černý and Burt, 1984, Jolliff et
al., 1987; Wise et al., 1995; Selway et al., 2005). When combined with the Rayleigh
fractional crystallization model of Hulsbosch et al. (2014), it is possible to predict the
percentage of crystallization required from a granitic melt to produce a rare-metal
pegmatite. The Ta contents of white micas have long been used for tantalite exploration
because of its ability to fractionate Ta from Nb (Kovalenko et al., 1996). However, less is
known about using white mica compositions for lithium exploration.
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Figure 1.3: crystal structure of Mica (Phlogopite). Blue represents the tetrahedral sheet.
Yellow represents the octahedral sheet. Purple circles represent the interlayer cations.
(From Deer et al., 2013)

1.3 Pegmatite Exploration Techniques
Pegmatites are present on every continent, typically found in old cratons and younger
mountain belts (London, 2018). However, most pegmatites do not contain the rare metals
(e.g., Li, Cs, Ta, Nb, Sn) that are the target of pegmatite exploration. Exploration for
pegmatite is further complicated by the fact that they are small targets and are typically
buried by overburden or were emplaced at depth. Trueman and Černý (1982) have
described pegmatites as geophysical non-responders. Although gravity-based surveys
have some potential to identify Li pegmatites due to the high density of spodumene, and
magnetics can show the contrast between the pegmatite and wallrocks. However, Steiner
et al. (2019) was not able to distinguish pegmatites from metasedimentary and
metavolcanic hosts using these techniques. Soil geochemistry and lithogeochemistry have
been used to successfully identify pegmatites. Lithogeochemistry identifies the trace
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element aureoles surrounding the pegmatite dike (Ovchkinnikov, 1976; Morgan and
London, 1987). The size of these aureoles can be extended by targeting fracture
mineralization (e.g., chlorite) in the surrounding rocks (Linnen et al., 2015). Soil surveys
such as mobile metal ion (MMI) and enzyme leach method are able to produce aureoles
around pegmatite dike as well (Clark, 1993; Mann et al., 1998). Remote sensing and light
detection and ranging (LiDAR) have been successful in identifying pegmatites (CardosoFernandes et al., 2021; Dart Mining NL, 2021). The incorporation of statistical analysis
with a various exploration techniques has been able to identify at depth that would not
have otherwise been identified (Deveaud et al., 2013; Fyzollahhi et al., 2018).
Once identified, a pegmatite dike must be evaluated for mineral potential. Traditionally
this is done by mineralogical classification, e.g., an albite-spodumene pegmatite
(Trueman and Černý, 1982). However, pegmatite fields are commonly zoned and display
a progression of pegmatite types. This progression can be characterized by using
fractionation trends of trace elements (e.g., Li, Cs, Rb, Ta, Nb) of various minerals (e.g.,
feldspar and mica; Gordiyenko, 1971; Jolliff et al., 1987; Selway et al., 2005). Mineral
chemistry uses the fractionation trends of trace element (e.g., Li, Cs, Rb, Ta, Nb) contents
in common minerals (e.g., feldspar and mica) to classify pegmatites (Gordiyenko, 1971;
Jolliff et al., 1987; Selway et al., 2005). These fractionation trends potentially can also be
used to identify high grade zones within pegmatites. White micas have been used to track
Ta-Nb contents in pegmatites (Selway et al., 2005). However, the application of the
evolution of white mica compositions to the understanding of lithium pegmatites is still
poorly understood. Chapter 2 uses the fractionation of trace elements of the white micas
to characterize the chemical evolution of pegmatite dikes and the role that fractionation
plays in Li enrichment at the Wekusko Lake pegmatites.
Many of the current exploration techniques require expensive and time-consuming
laboratory testing. Currently, minerals are analysed by laboratory techniques such as
electron probe micro-analysis (EPMA) and inductively coupled plasma mass
spectroscopy (ICP-MS). The analysis of Li is problematic because of its low atomic
number. Instruments such as handheld X-ray fluorescence (XRF) are not able to identify
light elements such as Li (Lemière, 2018). By contrast, it may be possible to identify and
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quantify Li contents using the field portable techniques Raman spectroscopy, and laser
induced breakdown spectroscopy (LIBS). Chapter 3 investigates the viability of field
portable and handheld techniques that can provide fast result and allow for real-time
decision making. These techniques are not meant to replace the current proven techniques
but help supplement and provide more data for informed decision making.
Raman analysis uses a laser to excite electrons into a virtual state (Smith and Dent,
2005). The virtual state is short-lived, and the electron releases the excess energy as
scattered radiation. Most of the electrons return to their original energy level, which is
called Rayleigh scattering. However, a small number of electrons do not return to the
original energy level, this is called Raman scattering (Smith and Dent, 2005). The rate at
which Raman scatter occurs is a function of the vibrational potential of the molecule
(Smith and Dent, 2005). As a result, every compound produces a unique Raman
spectrum. Raman spectroscopy has been used for mineral identification elsewhere e.g.,
Haskin et al. (1997), but I am not aware of this technique having been applied to
distinguish Li-free muscovite from Li-bearing micas such as polylithionite in the field.
Laser-induced breakdown spectroscopy uses atomic emission spectroscopy to detect the
chemical composition of the sample. A high energy laser pulse ablates a small amount of
the surface, generating a plasma which emits a characteristic spectrum. The emissions are
detected by spectrometers, generating atomic emission lines corresponding to various
elements (Lemière and Uvarova, 2019). The spectrum can be compared to a sample
library or quantified using calibrated standards. An important consideration when using
LIBS is the matrix effect (Connors et al., 2016). Chemical matrix effect occurs when the
emission line from one element interferes with another, creating an overlap in the
emission spectrum. Physical matrix effects occur based on the physical properties of the
sample and location on the sample. Properties such as grain size, hardness, crystallinity
roughness, moisture content etc. all effect the plasma generated and can cause variation
in the results (Connors et al., 2016). This study uses the LIBS to obtain Li concentrations
from white micas with the pegmatites for consideration while evaluating the mineral
potential. Samples for this study were analysed by the GeoResources Laboratory, at the
Université de Lorraine, France.
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1.4 Thesis Objectives
This study aims to deepen the understanding of white mica geochemistry in evolution of
Li-bearing pegmatites and the role of white mica in Li exploration. Chapter 2 aims to
characterize the mineral chemistry of white mica in Li-bearing pegmatites and relate to
the composition of pegmatitic melts with varying degrees of evolution. This can be used
to compare multiple dikes and zones within a single dike. Chapter 3 builds on the
premise that white mica geochemistry can be used as an indicator of pegmatite evolution
and is applied to Li mineral exploration. This study evaluated handheld Raman and LIBS
techniques and white mica geochemistry to gauge the potential Li mineralization of a
dike in real time, without the need for assays.

1.5 Thesis Format
This thesis contains an introduction (this chapter), followed by two integrated papers to
be published. Chapter 2 focuses on the geochemistry of white mica and how the
geochemistry can be used to interpret pegmatite. A modified version of Chapter 2 has
been submitted to The Canadian Mineralogist and is currently being revised. Chapter 3
focuses on the application of white mica compositions to exploration and includes and
evaluation of field portable Raman spectroscopy and LIBS. Conclusions and
recommendations for future studies are given in Chapter 4.

1.6 Contributions of Co-authors and Collection of Data
Field mapping and drill core logging was completed by D. Benn, with the assistance of R.
Linnen, and T. Martins and A. Hutchins. Drill core was provided by Foremost Lithium
Resource and Technology. Lithogeochemistry of host rocks was analysed by Activation
Laboratories Ltd. (Actlabs) and paid for by the Manitoba Geological Survey (MGS).
Sample and thin section preparation was completed by D. Benn and S. Woods at the
University of Western Ontario. Reflected and transmitted light microscopy was
completed by D. Benn at the University of Western Ontario. Electron microprobe
analysis was completed by M. Beauchamp and D. Benn at the University of Western

14

Ontario. U-Pb isotope geochemistry and geochronology was completed by C. McFarlane
at the University of New Brunswick and paid for by the MGS. Laser ablation inductively
couple plasma mass spectrometry was completed by D. Benn under the supervision of I.
Samson at the University of Windsor. Handheld Raman spectroscopy was completed by
D. Benn at the University of Western Ontario. Handheld LIBS analyses were completed
by N. Eddine and C. Fabre at the Université de Lorraine. All interpretations were made
by D. Benn under the supervision of R. Linnen and T. Martins.
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Chapter 2

2

Integrated Paper 1

2.1 Introduction
Pegmatites are host to economic deposits of certain elements that are part of the critical
minerals list for Canada (NRCAN, 2021) and other countries (Bobba et al., 2020).
Among them, Li is important for its use in battery technology. Lithium has other uses
including the manufacture of ultra-low expansion glass and ceramics (e.g., glass
stovetops), Li-based grease, which represent approximate 75% of lubricants, and its longtime use in medication of bipolar disorder (Bibienne et al., 2020). In pegmatites,
spodumene (6-9 wt% Li2O) is the main Li ore mineral, and to a lesser degree petalite (4-5
wt% Li2O) and lepidolite (~4 wt% Li2O) (Garret, 2004; London, 2008; Evans, 2014).
Other ore minerals from the critical minerals list found in pegmatite minerals are
pollucite (30-35 wt% Cs2O), cassiterite (SnO2) and columbite-tantalite
((Mn,Fe)(Ta,Nb)2O6). Due to the coarse grain size of pegmatites, whole rock chemistry
has limited use, but the evolution of pegmatites can be quantified using the changes in
concentrations of incompatible trace elements (Li, Be, B, Rb, Cs, Ba, Sn, Nb, and Ta) in
minerals such as K-feldspar, white mica, garnet, and tourmaline (Kovalenko et al., 1980;
Joliffe et al., 1987; Roda et al., 1995; Fleet et al., 2003; Brigatti et al., 2001; Groat et al.,
2003; Selway et al., 2005; Roda et al., 2007; Van Lichtervelde et al., 2008; Potter et al.,
2009; Martins et al., 2012; Hulsbosch et al., 2014; Dewaele et al., 2015; Maneta and
Baker, 2019; Ballouard et al., 2020; Chakraborty and Upadhyay, 2020). White micas (a
general term used for mica in a solid solution series with muscovite, phengite or
paragonite) in particular are present in most peraluminous granitic pegmatites and
because the Li and other trace element contents of white micas can range from tens of
ppm to weight percent levels, this mineral provides a window to the magmatic and
hydrothermal processes in pegmatites.
Micas are sheet silicates constructed of an octahedral sheet between two tetrahedral
sheets. The octahedral sheet consists of two OH- planes of either side of divalent (M2+)
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cations or trivalent (M3+) cations (Bailey, 1984). If the octahedral site is occupied by
three divalent cations, it is trioctahedral, if the octahedral site is occupied by two trivalent
cations it is known as dioctahedral, and one site is left vacant (Bailey, 1984). Muscovite
is a dioctahedral mica, which can be in solid solution with trilithionite, a trioctahedral
mica. Commonly, where Li substitutes into a dioctahedral mica, the trivalent cation is
replaced with a divalent cation and Li fills the vacant site (Brigatti et al., 2001).
Parameters such as the K/Rb ratio in white micas are commonly used to evaluate the
magmatic evolution of pegmatites (e.g., Černý and Burt 1984, Joliff et al., 1987).
However, our understanding of how Li concentrations evolve in melts and fluids is less
well understood. The influence of hydrothermal processes in pegmatites are not well
understood (Linnen and Williams-Jones, 1993; Tindle et al., 1998; Kontak, 2006; Van
Lichtervelde et al., 2008). It has been proposed that Nb-Ta mineralization, in LCTpegmatites, crystallizes from late-stage Na-rich fluids (Kontak, 2006). Textures such as
miarolitic cavities, fluid inclusion studies, and stable isotope fractionation provide
evidence for fluid exsolution from during pegmatite formation (Thomas et al., 2012;
London, 2014; Siegel et al., 2016). White mica compositions may help further the
understanding of composition and timing of these fluids. Aside from being widely
distributed in all zones of pegmatites, white mica maintains close equilibrium with the
melt while under near-liquidus conditions (London, 2005). Kaeter et al., (2018) show
three stages of white mica crystallization in pegmatites, pure magmatic, magmaticmetasomatic, and last melt-hydrothermal precipitation. However, it is not clear how
applicable the interpretations of Kraeter et al., (2018) are to pegmatites in general, and Li
pegmatites in particular.
The Zoro Lithium Project within the Wekusko Lake pegmatite field in Manitoba is the
current focus of lithium exploration by Foremost Lithium (formerly FAR Resources
Ltd.). This study focuses on Dike 1, the primary resource on this property with an NI43101 inferred resource of 1.1 Mt of 0.91% Li2O with a 0.3% Li2O cut-off (Fedikow and
Zelligan, 2018). Dike 1 is well characterized in three dimensions by 23 drill holes. This
dike offers an excellent opportunity to examine the textural and chemical evolution of
white micas in a Li-rich, spodumene-bearing pegmatite through field mapping, drill core
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logging, petrography, and mineral chemistry. These data will be integrated to evaluate the
use of white micas to interpreting the magmatic and hydrothermal evolution of Li
pegmatites.

2.2 Geological Setting
The Wekusko Lake pegmatite field is located in the Snow Lake-Flin Flon area of westcentral Manitoba, Canada and is part of the 1.91-1.83 Ga Flin Flon-Glennie complex
(Snow Lake Block; Figure 2.1) of the Trans-Hudson Orogen (THO) (Connors et al.,
2002). The THO is a Paleoproterozoic collisional belt between the Archean Superior
province, the Rae-Hearne cratons and the Sask craton in Canada, and the Wyoming
craton in the United States (Hoffman et al., 1989; Lewry et al., 1994; Connors et al.,
2002; Schneider et al., 2007; Hammer et al., 2010; Darbyshire et al., 2017). It spans from
central United States, through central and northern Canada and Greenland and may
connect with orogenic belts in Scandinavia (Hoffman et al., 1988; Schneider et al., 2007;
Eaton and Darbyshire, 2010). The THO is mainly comprised of accreted Proterozoic arc
rocks, continental metasedimentary rocks and reworked parts of the Rae-Hearne and
Superior cratons (Hoffman et al., 1989; Lewry et al., 1994). In the SaskatchewanManitoba segment, the THO is divided into four lithotectonic zones: 1) the Superior
Boundary Zone to the east, comprised of supracrustal segments most notably the
Thompson nickel belt and Fox River belt; 2) the Reindeer Zone, a collage of juvenile
supracrustal belts and sedimentary basins that comprise the Rottenstone-Southern Indian
domain; the La Rouge-Lynn Lake-Leaf Rapids domain; the Kisseynew domain and Flin
Flon-Glennie Complex; 3) Chipewyan-Wathaman Batholith, an Andean-type continental
magmatic arc; and, 4) the Cree Lake Zone, a reworked continental margin of the Hearne
craton (Figure 2.1: Lewry et al., 1994; Corrigan et al., 2005; Schneider et al., 2007; Eaton
and Darbyshire, 2010). The Sask craton is only exposed at surface in three windows. and
underlies much of the Reindeer zone (Lucas et al., 1994; Lewry et al., 1994). The Flin
Flon-Glennie Complex of the of Reindeer Zone is further divided into the Glennie
Domain, the Hanson Lake Block, the Flin Flon Belt, and the Snow Lake Block (Kraus
and Menard, 1997; Schneider et al., 2007). The Flin Flon-Glennie Complex, host to
Wekusko Lake pegmatite field, has a metamorphic gradient that ranges from lower
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greenschist facies in the south to upper amphibolite facies at the northern boundary with
the Kisseynew domain (Černý et al., 1981; Lewry et al., 1994; Kraus and Menard, 1997).

Figure 2.1: Simplified geological map of the Saskatchewan-Manitoba Segment of the
THO, show the main lithotectonic subdivisions and major structural boundaries (after
Hoffman et al., 1988). Abbreviations: NFSZ, Needle Falls Sheer Zone; HB, Hanson Lake
Block; SLB, Sn.

2.2.1

Structural History

The Wekusko Lake area has undergone four deformational events (D1-D4) before craton
stabilization at 1.70 – 1.65 Ga (Schneider et al., 2007). The first deformational event
(D1) recorded folding associated with the accretion of the Flin Flon-Glennie arc (1.881.87 Ga; Connors et al., 1999). Plutonism and crustal shortening within the ChipewyanWathaman batholith led steepening of syn-accretionary fabrics in the Snow Lake Block
(1.87-1.84 Ga; Lucas et al., 1996; Corrigan et al., 2005). The D2 deformational event
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recorded south to southwest compression and the collision of the Kissynew domain and
Flin Flon-Glennie arc with the Sask craton (1.84-1.81 Ga), which resulted in the
inversion of the Kisseynew turbidite basin (Connors et al., 1999). The collision with the
Sask craton led to regional peak metamorphism at 1.81 Ga (Gordon et al., 1990; David et
al., 1996; Schneider et al., 2007) during which, the Snow Lake block reached
temperatures between 500°C and 700°C and pressures between 0.4 and 0.6 GPa (Kraus
and Menard, 1997). The D3 deformational event occurs shortly after peak metamorphism
(Connors et al., 2002) at 1.81Ga and recorded transpressional northwest trending
shortening and associated burial of the Sask craton at syn- to post-peak metamorphic
conditions (Ryan and Williams, 1999; Corrigan et al., 2005). The D3 event is link to the
formation of the Crowduck Bay fault and Roberts Lake fault (Connors et al., 2002). This
event is also recorded by Northeast trending mineral extension lineations (Connors et al.,
2002). The D4 deformational event recorded brittle to ductile deformation, caused by
northwest trending compression (Černý et al., 1981; Lucas et al., 1994; Connors et al.,
1999). It is possible that D4 is a continuation of D3 (Connors et al., 2002). The D3 and
D4 events have not been dated. However, late-collisional metamorphism associated with
southwest trending transpressional deformation is reported to have occurred at 1.77 Ga
(Schneider et al., 2007), which may be linked to either the D3 or D4 events. The
amalgamated craton is interpreted to have been stable between 1.70 and 1.65 Ga
(Schneider et al., 2007; Hammer et al., 2010).

2.3 Wekusko Lake pegmatite field
The pegmatite dikes in this study are part of the Green Bay Group of the Wekusko Lake
pegmatite field (Černý et al., 1981), located west of Roberts Lake within the Roberts
Lake Fault Block of the Snow Lake Block (Figure 2.2). The field area of this study is
host to at least thirteen pegmatite dikes (Grammatikopoulos et al., 2020), and exploration
in the area is ongoing. The field area was mapped at a 1:4 000 scale in this study (Benn et
al., 2018) with a focus on dike mineralogy, morphology, and deformation (Figure 2.2;
Benn et al., 2018) of the eight dikes that were known of at the time. The pegmatites are
hosted primarily by an amphibolite unit and to a lesser extent in the quartzofeldspathic
gneiss of the Missi Group meta-sedimentary rocks (Bailes, 1980). These are the two main
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units in the Roberts Lake fault block, which is bound by intersecting faults in the
southwest (NATMAP Shield Margin Project Working Group, 1998; Connors et al., 1999;
2002).

Figure 2.2: Simplified geological map of the Wekusko Lake pegmatite field (Manitoba,
Canada), modified from Benn et al., 2018.
Dike 1 is approximately 300 m long and 15 m thick at surface, and 40 m thick at depth
(Grammatikopoulos et al., 2020). Cross sections of Dike 1 can be found in the Foremost
Lithium (FAR resources) 43-101 technical report (Fedikow and Zelligan, 2018). The
other dikes are between 5-10 m thick and 50-180 m long at surface. All of the dikes are
sub-vertical. Pegmatite dikes are podiform shaped, and the thickness of the dikes change
locally as it pinches and swells. The largest dike, Dike 1, is mostly planar and
deformation is mainly observed at ends where the dike is thinner. Evidence of
deformation include elongated and stretched minerals as well as white mica with kink
bands, similar to the observations made by Martins et al. (2017). The other dikes (Dike 2
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- 8), which are thinner, display gentle S-shaped folds throughout the full length of the
dike. Thin granitic dikes and dikelettes (<30cm thick) are present throughout the field
area as well, but not significant enough in size to include on the map. These dikelettes
display more extreme folding and are boudinaged than the mapped dikes. The timing of
emplacement of the dikes is thought to be post-tectonic (Černý et al., 1981). However,
the deformational features observed in this study indicate that emplacement was prior to
the end of regional deformation, i.e., late D3 or early D4.

2.3.1

Host rocks

The amphibolite host of the pegmatite is a fine-grained mafic meta-volcanic rock
consisting primarily of amphibole and lesser plagioclase, locally with accessory garnet.
The foliations in the amphibolite generally trend northeast and display both gentle and
tight folds. These foliations are deflected at boundaries with the pegmatite dikes in some
locales. Remnants of pillow basalt are locally preserved, although the deformation of the
pillows precludes determining a younging direction with absolute certainty. However, a
limited number of persevered pillows suggest a younging direction to the east.
The quartzofeldspathic gneiss consists of feldspar, quartz, and biotite that is interpreted to
be part of the Missi Group meta-sedimentary rocks (NATMAP Shield Margin Project
Working Group, 1998). The gneiss does not host pegmatite dikes in the study area,
except the southern most tip of Dike 1 (Figure 2.2), where the dike reduces in width from
10 m to 10 cm over approximately 10 m in the gneiss. Thus, this unit may act as a
rheologic control on the emplacement of the dikes. A biotite-garnet gneiss is also present
in the southwest edge of the field area and is interpreted as part of the Burntwood Group
(NATMAP Shield Margin Project Working Group, 1998). No dikes in this study were
observed to have intruded rocks from the Burntwood Group. For a complete description
of the host rocks see Benn et al. (2018b; Appendix A).

2.3.2

Pegmatite dikes

Eight of the thirteen granitic pegmatite dikes were observed during this study. The
studied dikes were drill tested by FAR Resources Ltd. (Foremost Lithium) and drill core
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from the eight dikes was logged and sampled by cutting the core into quarters. All the
dikes in the mapping area share similar mineralogy and vary mostly in grain size and
mineral ratios. The dikes mostly consist of albite, quartz, white mica, K-feldspar,
spodumene, and tourmaline with accessory apatite, Fe-Mn phosphate minerals, beryl, and
garnet with traces of columbite group minerals (CGM), arsenopyrite and cassiterite (Benn
et al., 2018b; Grammatikopoulos et al., 2020). These dikes can be classified as Li-Cs-Ta
(LCT), Rare-element (REL) class, REL-Li subclass, complex type, spodumene sub-type
(Černý and Ercit, 2005). The pegmatite dikes have undergone variable degrees of
hematization and display a gradient of red in the wall to white in the center. Local aplitic
patches are observed throughout the pegmatite that range from 5 cm to 30 cm across that
are mineralogically similar to the surrounding pegmatite. No miarolitic cavities were
observed in the dikes. Dikes crosscut foliations in host rocks and the foliation in the host
rock is locally deflected. Dikes strike from 115° to 187° and dip sub-vertically (Benn et
al., 2018b). Metallurgical work was conducted on a bulk sample of Dike 1 by
Grammatikopoulos et al. (2020) and they reported a modal composition of 10.5%
spodumene, 29% quartz, 29% plagioclase, 21% K-feldspars, 5% micas, 3% tourmaline
and 0.1% Fe-Mn-phosphates.

2.3.2.1

Pegmatite Zones

The dikes consist of up to 5 zones (Figure 2.3) based on field observation of mineralogy,
grain size, and degree of alteration. From the outer contact to the centre the zones are:
border, wall, intermediate, central, and core. All zones are not present in all dikes and
zonation can vary with depth in individual dikes, and the contacts between zones are
gradational. The border and core zones are the least common and smallest zones and the
core, central and border zone were not observed in all dikes. The distribution of zones is
not necessarily in a concentric pattern and the presence of individual zones can be
intermittent with depth in a drill hole.
Hematite alteration is prevalent throughout the border and wall zones, and to a lesser
extent in the intermediate zone. This gives the rock a red to pink hue. Hematite alteration
is concentrated at grain boundaries. Consequently, fine-grained masses are commonly
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darker red, and the feldspars are more difficult to identify. This variation in colour
between coarse- and fine-grained albite makes it difficult to distinguish albite from Kfeldspar in some hand samples. By contrast, these minerals are easily distinguished in
thin sections.

Figure 2.3: Photographs of halved NQ drill core displaying the transition from Wall zone
to Central zone. A) Wall zone; b) Intermediate Zone; c) Central zone. Width of NQ drill
is 47.66 mm.
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The border zone is the thinnest zone, only 1 cm thick at the contacts of the dikes with the
host rocks. It is composed of albite, quartz, K-feldspar, white mica, and tourmaline. Grain
sizes vary between 0.5 and 2 mm. The minerals are generally oriented perpendicular to
the contact, which is interpreted that the minerals grew inwards. This is readily observed
in tourmaline comb textures.
The wall zone (Figure 2.3a) is the outer most zone in most dikes where the border zone is
not present. The wall zone is comprised of albite, quartz, K-feldspar, white mica, and
tourmaline with accessory spodumene, apatite, Fe-Mn phosphate minerals and beryl and
trace CGM. Traces amounts of pyrite, chalcopyrite, cassiterite, zircon, xenotime, and
uraninite were also identified during scanning electron microscope (SEM) analysis. The
average grain size in the wall zone is between 0.25 and 2 cm. However, rare larger
crystals up to 5 cm long are also present. Tourmaline crystals in this zone propagate
outward from the host rock contact in comb structures. This zone is generally brick red
due to a high degree of hematization.
The intermediate zone (Figure 2.3b) is the next outer-most zone and typically the thickest
zone. The intermediate zone is composed of albite, quartz, white mica, and spodumene
with accessory apatite, K-feldspar, Fe-Mn phosphate minerals, beryl, and trace CGM.
Trace amounts of arsenopyrite, chalcopyrite, sphalerite, cassiterite, loellingite, xenotime
and uraninite were also identified during SEM analysis. The average grain size is
between 0.5 and 5 cm with larger crystals up to 10 cm in length. The intermediate zone
consists of about 5% spodumene and a moderate to low amount of hematization gives the
intermediate zone a salmon pink colour.
The central zone (Figure 2.3c) is the inner-most zone in the majority of dikes where the
core zone is not present. This zone is composed of albite, spodumene, quartz, K-Feldspar
and white mica with accessory tourmaline, apatite, CGM and Fe-Mn phosphate minerals.
Traces of pyrite, arsenopyrite, monazite, zircon and uraninite were also identified during
SEM analysis. The central zone is main host of lithium mineralization in the dikes and
consists of 10 to 30% spodumene. The average grain size is between 3 and 10 cm, with
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larger crystals up to 25 cm in length. There is little to no hematization observed in this
zone, and its colour is a pale green to grey.
The core zone is rare, but where present is the inner-most zone of the dikes. It is
composed of mainly quartz, with albite and minor spodumene. The average grain size is
between 3 and 10 cm with larger crystals up to 25 cm long. Spodumene makes up less
than 5% of this zone.

2.4 Analytical Methods
Whole rock analyses of the amphibolite host rock collected from drill core and outcrop
samples were cleaned and weather surfaces removed, then samples were crushed to <5
mm using steel-jaw crusher. Samples were then pulverized in a vibratory-ring pulveriser
and milled to <200 µm mesh. Sample preparation was completed at Manitoba Geological
Survey Midland Sample and Core Library in Winnipeg, MB. Samples weighing 55 g
were submitted to Actlabs, Ancaster, ON. For major, minor and trace element analyses
using research grade lithogeochemistry package (4Lithoresearch). One internal standard
from the Manitoba Geological Survey was also submitted. Samples were analysed using
ICP-MS on the Perkin Elmer Sciex ELAN 6000, 6100, or 9000. Samples were submitted
for major- (Si, Al, Fe, Mn, Mg, Ca, Na, K, Ti, and P), in oxide wt.%, and trace-element
(Sc, Be, V, Cr, Co, Ni, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, Nb, Mo, Ag, In, Sn, Sb, Cs, Ba,
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Tl, Pb, Bi, Th, and
U), in ppm, analysis using the research-grade lithogeochemistry package (4Lithoresearch). Appendix B.
The petrographic analysis of polished thin sections and thick sections cut from quartered
drill core samples was completed using a transmitted and reflected light microscope at
the Earth and Planetary Materials Analysis Laboratory at Western University. Additional
petrographic observations were made using a JEOL JMC-600 NeoScope benchtop
Scanning Electron Microscope equipped with the JEOL JED-2300 energy dispersive X-
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ray analyser at Western University, London, ON. Petrographic descriptions of all thin
section samples from this study are included in Appendix C.
Thin sections and thick sections were carbon-coated prior to single point analyses backscatter electron (BSE) imagery and element maps were acquired using an energy
dispersive spectrometer (EDS), on the JEOL JXA-8530F field-emission election probe
microanalyser (EPMA) at Western University, London, ON, to determine whether
individual grains were zoned. Subsequently, point analysis of major and minor elements
were determined using wavelength dispersive (WDS) and EDS detectors. The
microprobe operating conditions were an accelerated voltage of 15 kV and a beam
current of 100 nA with a beam size of 10 µm. Analysis counting times were 60 seconds.
Ten-point transects of electron microprobe analyses (EPMA) were taken from core to rim
to measure intragrain variations. Mineral calibrations standards used for analysis were
orthoclase (K, Al, Si), albite (Na), anorthite (Ca), olivine (Mg, Fe), pollucite (Cs), fluorite
(F), rutile (Ti), and synthetic RbTiOPO4 (Rb). Errors on analyses are reported on
Appendix D. Laser Ablation Inductively Coupled Plasma Mass Spectroscopy (LA-ICPMS) of white mica was conducted at the Element and Heavy Isotope Analytical
Laboratories at the University of Windsor using the Photon Machine 193 nm short pulse
width Analyte Excite excimer laser ablation system coupled with an Agilent 7900
quadrupole mass spectrometer to determine trace elements and, in particular, lithium
contents. Transects were taken from core to rim, as close as possible to the EPMA
transects. One hundred thirty-eight traverses were completed across 67 mica grains. The
data was obtained using 1.07 to 1.2 kV acceleration potential, and 4.1 mJ energy, with a
beam size of 25 µm and a repetition rate of 25 Hz. Background was collected for 30
seconds before an ablation time of 60 seconds. The grains were ablated with a laser
fluency of ~2 J/cm2. NIST-610 was used as the external standard. Silicon concentrations
obtained from the EPMA were used as an internal standard for each grain. Errors on
analyses are reported in Appendix E. Data reduction was completed using Iolite software,
an add-on for Igor Pro by Wavemetrics (Paton et al., 2011). Columbite group minerals
were element mapped, using the EPMA, to determine internal zonation of Fe, Mg, Mn,
Nb, Ta, Sn, Ti, U, W, and Zr. The microprobe operating conditions were an accelerated
voltage of 15kV, a beam current of 100 nA, and a dwell time of 10 s.
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LA-ICP-MS data collected from white micas were processed as the whole length of a
traverse to obtain average values that could be used to determine the composition of the
grain as a whole. The same traverses were divided into subsections based on BSE
imagery textures to obtain a higher resolution for the data and to characterize intragrain
heterogeneity. Major and minor element (Si, Al, Ti, Fe, Mg, Na, K, Rb and F) data
obtained from EPMA was paired to corresponding minor and trace element (Li, Ba, Mn,
Cs, Be, Nb, Ta, Sn, and Tl) data obtained from LA-ICP-MS. Data points gathered from
LA-ICP-MS traverses were paired with the closest EPMA spot analysis using BSE
imagery.
The CGMs were analysed for U-Pb geochronology using LA-ICP-MS at the University
of New Brunswick, Fredericton, NB using an Australian Scientific Instruments
RESOlution Series M-50-LR 193 nm excimer-laser-ablation system coupled with an
Agilent 7700x quadrupole ICP-MS. Reference material included NIST610 glasses, and
well-characterized columbite-tantalite U-Pb age standards. These standards are the 1060
Ma Kragero pegmatite, southeastern Norway, the 500 Ma Ipe mine, Brazil, and the 270
Ma Amelia tantalite from the Morefield pegmatite, USA (Horn and von Blanckenburg.,
2007; McFarlane and Luo, 2012). The data was obtained using a beam size of 24µm and
a repetition rate of 3.5 Hz. Background was collected for 30 seconds before an ablation
time of 30 seconds. The grains were ablated with a laser fluency of ~3 J/cm2. Elements
and isotopes analysed were Nb93, Ta181, Pb204, Pb206, Pb207, Pb208, Th232, and U238. Sixtythree measurements were made across 15 CGM grains.

2.5 Results
2.5.1

Mineralogy and Petrography

Two types of white mica were identified in hand samples. The first type of white mica is
brown to light brown, coarse-grained, and occurs as subhedral books up to 5 cm in
diameter that are in planar contact with other pegmatite minerals, indicating that they are
primary magmatic in origin. This type of white mica is found in all zones of the
pegmatite. Locally within the wall zone, this phase forms combs at the host rock contact,
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similar to tourmaline. Figure 2.4a is an example of this type of white mica in a thin
section in planar contact with primary albite. The second type of white mica is greenbrown, fine-grained, subhedral to anhedral, and typically less than 1 mm across. This
phase typically forms in masses intergrown with quartz, typically having filled around
larger euhedral to subhedral grains of other minerals. In thin section (Figure 2.4b), these
grains are observed to have grown on and around larger primary magmatic grains. The
second type of white mica is only present in the central and intermediate zones.

Figure 2.4: Cross-polarized optical microscope imagery at 2.5x magnification of
muscovite interacting with albite a,) primary muscovite; b) late-stage muscovite.
Four textural types of white mica were identified using BSE imaging (Figure 2.5): poorly
zoned, rimmed, patchy, and grains that host rod-shaped inclusions (RSI). Most of the
variation in the BSE images is caused by differences in Cs concentrations, and to a lesser
degree variation in Fe and Mg contents. The light colour variations in BSE images are
linked with high Cs content occurs at grain boundaries, and secondary features such as
fractures, and weaknesses in cleavage planes, particularly RSI. Lighter colour variations
do not occur in patterns consistent with magmatic crystal growth, or metamorphism (i.e.,
concentric zonation due to primary crystal growth or diffusive re-equilibration). Due to
the proximity to cleavage planes and fractures in the grain, the lighter-coloured textural
variation is interpreted to be the result of post-crystallization metasomatism and the
darker portion is interpreted as primary, magmatic, similar to the interpretation of
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comparable textures by multiple authors (Kaeter et al., 2018; Wang et al., 2007; Xing et
al., 2020).

Figure 2.5: BSE imagery of muscovite with varying textures: a) poorly zoned; b)
rimmed; c) patchy; d) Rod shaped inclusion (RSI) hosting muscovite
The poorly zoned white micas have limited chemical variation within the grain (Figure
2.5a), are in planar contact with other minerals (Figure 2.4a) and are interpreted to be
primary magmatic. The rimmed white micas have two textural compositions: dark
coloured Cs-poor cores, and lighter coloured Cs- and Fe-enriched rims (Figure 2.5b). The
rims typically only envelope one or two of the edges, and rims extended into the core
along fractures and cleavage planes. Consequently, the cores are interpreted to be
magmatic and the rims metasomatic. The patchy white micas have the greatest variation
in Cs. They can be subdivided into high Cs, moderate Cs, and low Cs (Figure 2.5c).
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Patches are elongate and follow mineral cleavage and fractures, thus the darker (low Cs)
is interpreted to be magmatic and the lighter (moderate to high Cs) are interpreted to be
metasomatic. The white mica that hosts RSI are higher in Mg and lower in F than the
other textures and the RSI are trioctahedral micas with compositions that range from LiCs-rich or zinnwaldite, siderophyllite to biotite. The RSI follow mineral cleavage planes
and are heterogeneously distributed throughout the grain (Figure 2.5d). The darker matrix
of these white micas are considered to be magmatic whereas the white RSI are
metasomatic.
There are three types of spodumene identified in hand sample and thin sections, similar to
those recognized by Martins et al. (2017). The most common type is euhedral to
subhedral, coarse-grained crystals up to 15cm long (Figure 2.3c). The second type occurs
as graphic spodumene-quartz intergrowths as medium-sized masses that average 2 to 3
cm across. The third type is interstitial spodumene, which forms in small masses
interstitial to larger primary quartz and albite crystals. All three types are present in the
wall, intermediate and central zone. The interstitial spodumene is more commonly found
in the wall and is more rare in the central zone. Spodumene contains on average 0.84
wt% FeO, which likely explains their pale green color.
Two types of albite were identified in hand sample. The first type consists of large
euhedral to subhedral crystals up to 25 cm across. These crystals are typically creamy
white but can be stained salmon pink by hematization and are more common in the
central zone. The second phase is finer-grained and forms anhedral masses. This type is
generally hematized, particularly in the wall zone where it is commonly brick red, but
locally is white. Both types are present in the intermediate zone in similar proportions
and both types display polysynthetic twinning. Primary igneous grain boundaries of albite
and quartz suggest cotectic crystallization.
K-feldspar is difficult to distinguish from albite in hand sample due to the hematization.
However, some grains display minor perthitic textures. In thin section, K-feldspar
displays tartan twinning and appears to have crystallized with albite and quartz.
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The tourmaline is present as long black euhedral to subhedral crystals. Tourmaline is
most common in the wall zone, with abundances decreasing towards the inner zones of
the dike. In the wall zone tourmaline crystals propagate outwards from the host rock
contact in comb-like structures. Tourmaline in thin section is blue and display zonation.
The chemical composition of tourmaline was not determined in this study, however,
owing to the black color in hand specimen it is likely schorl.
Beryl forms stubby, white, euhedral to subhedral crystal, averaging 1 to 2 cm in length.
The white colour may be caused by Cs substitution (Černý and Simpson, 1978).
However, beryl compositions were not determined in this study. Beryl are rarely stained
by hematite, which makes beryl easier to identify in samples with strong hematization, as
the surrounding feldspars are red, in contrast to the white beryl.
Apatite, Fe-Mn phosphate minerals, xenotime, and monazite are the phosphates present
in minor amounts in the pegmatite dikes. Apatite is fine-grained, less than 1 mm in
diameter, subhedral to anhedral and blue in hand specimen. Apatite grains are observed
in the central, intermediate and wall zones. The Fe-Mn phosphate minerals (Martins et
al., 2017; Benn et al., 2018b; Grammatikopoulos et al., 2020) is dark red to brown in
hand specimen and occurs in fine-grain masses, less than 1cm in diameter. Fe-Mn
phosphate minerals were observed in the central, intermediate and wall zones. The
triphylite (Fe2+) to lithiophilite (Mn2+) Fe-Mn phosphate series is consistent with the
described minerals and is often associated with Li-bearing pegmatites similar to the ones
in this study (Černý, 2005; Černý et al., 2012). Xenotime and monazite were only
identified in SEM analysis. Grains are subhedral and less than 30µm in diameter. They
were observed in the central, intermediate and wall zones.
Zircon, CGM, cassiterite, and uraninite are present in trace amounts. Zircon grains are
subhedral, non-zoned and less than 45 µm across. Zircon grains were observed in the
central and intermediate zones. The CGM are black in hand sample, fine-grained,
euhedral to subhedral as needle-shaped or anhedral crystals that are typically less than 1
mm long (Figure 2.6) and commonly cross the boundaries between quartz and feldspars
grains, but not tourmaline. The concentration of CGM increase around tourmaline grains
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larger than 5mm. Columbite group mineral grains are observed in all the central,
intermediate, and wall zones. There are two textural types of CGM identified using BSE
imaging: unzoned (Figure 2.6a-c) and zoned with Nb-rich cores and Ta-rich rims (Figure
2.6d-f). Cassiterite grains are euhedral- to subhedral, and less than 20µm in diameter.
Cassiterite is observed in the central and intermediate zones. Uraninite grains are
subhedral, and less than 75µm in diameter, with desiccation haloes surrounding the
grains. Uraninite grains are observed in the central, intermediate and wall zones.
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Figure 2.6: BSE and false-colouring element map of columbite-group minerals: a) BSE
imagery of minimally zoned CGM b) Nb; c) Ta; d) BSE imagery of moderately zoned
CGM e) Nd: f) Ta.
Arsenopyrite, chalcopyrite, pyrite, sphalerite and loellingite are trace sulphide minerals
that were identified during SEM analysis. They occur as interstitial anhedral masses, less
than 500 µm in length. Arsenopyrite grains are observed in the central and intermediate
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zones. Chalcopyrite grains are observed in the wall zone. Pyrite grains are observed in the
central and wall zone. Sphalerite and loellingite grains are observed in the intermediate
zone.

2.5.2

Host Rock Lithogeochemistry

The major-, minor- and trace-element compositions of the amphibolite host rock was
obtained from drill core and grab samples. This data was first reported in Benn et al.
(2018b). The SiO2 content ranges between 45.98 and 51.78 wt.% and the MgO contents
range between 4.61 and 7.93 wt.% with an average Mg# (Mg/[Mg/Fe2+]x100) of 43.73
using wt% ratios. Samples plot between basalt and basaltic-andesite of a total alkalis vs
silica (TAS) diagram (Figure 2.7a) and similar results on Winchester and Floyd (1977)
trace-element volcanic rock classification (Figure 2.7b). The chondrite-normalized rareearth element (REE) profiles are relatively flat, typical of the normal mid-ocean ridge
basalts (N-MORB) (Figure 2.7c). A similar interpretation can be made plotting samples
on a Pearce and Cann (1973) Ti-Zr-Sr Basalt classification ternary plot (Figure 2.7d).
These data support previous interpretations (NATMAP Shield Margin Working Group,
1988; Syme et al., 1999) that the amphibolite host rock is metamorphosed MORB.
Two samples of amphibolite have ɛNd values of +3.8 and +2.8 at 1900 Ma (Manitoba
Geological Survey, 2020), indicative of juvenile-mantle derivation. These results are in
agreement to what has previously been measured in basalt in the Snow Lake area
(Manitoba Geological Survey, 2021).
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Figure 2.7: Major- and trace-element diagrams for the mafic volcanic host rocks a) total
alkalis versus silica (TAS) diagram; b) Volcanic rock classification from Winchester and
Floyd, 1977; c: chondrite normalized REE spider diagram (Chondrite normalized to
McDonough and Sun, 1995); d) Basalt Ti-Zr-Sr classification from Pearce and Cann,
1973.

2.5.3

Geochronology

The pegmatite dikes were dated using in-situ isotopic U-Pb analyses of CGM. Samples
from Dike 1 produced a concordia date of 1793 ±14Ma with a mean square of weight
deviates (MSWD) of 0.049 and samples from Dike 8 produced a concordia date of 1764
±9.3Ma with a MSWD of 2. Combined results gave a concordia date of 1780 ±8.1Ma
with a MSWD of 1.6 (Figure 2.8; Martins et al., 2019). All dates obtained are within the
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error ranges of each other, therefore the combined age of 1780 Ma is considered the date
of emplacement for the Wekusko Lake pegmatites. These ages dates are also reported in
Benn et al. (2019).

Figure 2.8: Concordia diagram for all data combined from CGM of pegmatites in the
Wekusko Lake pegmatite field.
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Table 2.1: High Resolution Integrates EMPA (SiO2, Al2O3, TiO2, FeO, MgO, Na2O,
K2O, F) and LA-ICP-MS (Mn, Ba, Li, Rb, Cs, Be, Nb, Sn, Ta, Tl) analysis results from
Dike 1. Structural Formulae of white micas (APFU) calculated based on 44 cation
charges and 22 oxygen charges
Sample
Dike
Zone
Texture

16-5-21 c2g1a

16-5-43 c1g1c
1

Wall
Wall
Poorly Zoned Rimmed
SiO2
44.62
Al2O3
35.23
TiO2
0.10
FeO
3.42
MnO
0.12
MgO
0.20
BaO
0.00
Li2O
0.79
Na2O
0.46
K2O
10.64
Rb2O
1.07
Cs2O
0.06
F
0.602
subtotal
97.30
O=F
-0.25
Total
97.05

16-6-22 c1g1b
1

44.26
33.02
0.09
5.11
0.33
0.15
0.00
1.46
0.27
10.58
1.40
0.06
1.255
97.98
-0.53
97.45

16-4-86 c2g1a
1

1

Intermediate
Intermediate
Poorly Zoned Rimmed
44.64
44.50
34.52
36.18
0.10
0.11
4.00
2.92
0.21
0.16
0.11
0.17
0.00
0.00
0.82
0.86
0.33
0.52
10.59
10.37
1.29
0.90
0.07
0.04
0.62
0.942
97.29
97.66
-0.26
-0.40
97.03
97.26

17-10-180 c2g1b 17-10-192 c1g1b 16-7-188 c1g1a 18-20-157 c1g1c
1
1
1
1
Intermediate
Central
Central
Central
Patchy
Poorly Zoned
Patchy
RSI
43.77
44.34
44.26
45.14
35.08
35.05
35.01
35.86
0.20
0.03
0.07
0.11
3.73
3.49
3.31
3.35
0.15
0.17
0.38
0.04
0.12
0.10
0.12
0.30
0.00
0.00
0.00
0.00
0.60
0.73
0.53
0.47
0.36
0.39
0.34
0.43
10.43
10.44
9.96
10.35
1.70
1.82
1.53
1.12
0.15
0.12
0.06
0.04
0.399
0.753
0.55
0.285
96.71
97.45
96.11
97.50
-0.17
-0.32
-0.23
-0.12
96.54
97.13
95.88
97.38

Structural Formula on the basis of 22 oxygen atoms

Si
5.99
Ti
0.01
Al
5.53
AlIV
2.00
AlVI
3.53
Fe
0.44
Mn
0.02
Mg
0.04
Ba
0.00
Rb
0.10
Cs
0.00
Li
0.38
Na
0.11
K
1.81
F
0.28
Sum
20.25
X total
2.02
Y total
4.42
Rare metal elements (ppm)
Li
3660
Be
25.6
Nb
821
Sn
783
Ta
75.5
Tl
50.7
Rb
9800
Cs
521

2.5.4

6.00
0.01
5.28
1.99
3.29
0.58
0.04
0.03
0.00
0.12
0.00
0.79
0.07
1.83
0.54
20.57
2.03
4.74

6.01
0.01
5.48
1.98
3.51
0.45
0.02
0.02
0.00
0.11
0.00
0.44
0.09
1.82
0.26
20.21
2.02
4.45

5.93
0.01
5.68
2.06
3.62
0.33
0.02
0.03
0.00
0.08
0.00
0.46
0.14
1.76
0.40
20.51
1.98
4.47

5.94
0.02
5.61
2.04
3.57
0.42
0.02
0.02
0.00
0.15
0.01
0.33
0.10
1.81
0.17
20.21
2.06
4.39

5.98
0.00
5.58
2.01
3.56
0.39
0.02
0.02
0.00
0.16
0.01
0.39
0.10
1.80
0.32
20.35
2.06
4.39

6.01
0.01
5.60
1.98
3.62
0.38
0.04
0.02
0.00
0.13
0.00
0.29
0.09
1.73
0.24
20.14
1.95
4.36

6.00
0.01
5.62
1.99
3.63
0.37
0.01
0.06
0.00
0.10
0.00
0.25
0.11
1.76
0.12
20.02
1.97
4.33

6760
40.3
1128
767
110.5
66.1
12830
598

3787
35.9
919
965
132.5
60.9
11820
634

3989
46.8
957
598
88.2
39
8190
373

2809
109.3
951
1009
283.8
67.9
15530
1460

3376
123
744
1099
287
71.6
16610
1175

2483
56.3
862
1122
136.3
70
13970
532

2181
38.9
910
776
92.4
45.6
10280
357.2

White mica chemistry

Result from EPMA and LA-ICP-MS are reported in Table 2.1. Average white mica grain
stoichiometry was calculated based on a 44 cation charges (Table 2.1). The single grain
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averages from all dikes were plotted on the Tischendorf et al. (2007) mica classification
atoms per formula unit (apfu) diagram, FeAl vs. MgLi (Figure 2.9a, b). All Fe (apfu) is
assumed to Fe2+. All grains plot in the white mica field and show a trend of increasing Li
and Fe+Mn+Ti and the trend for the magmatic grains is steeper, more towards the
zinnwaldite end member than the metasomatic micas, which trend more toward the
polylithionite end member (Figure 2.9a, b); Tischendorf et al., 2007).

Figure 2.9: Classification scheme for micas Fe-Al vs Mg-Li in apfu (after Tischendorf et
al., 2007). Calculated apfu values were halved to fit the classification scheme calculated
at 10 oxygens and 2 (OH, F) apfu. Filled diamonds represent endmember composition;
Hollow diamonds represent ideal member composition; a) average composition of
magmatic components of muscovite grain; b) average composition of metasomatic
components of muscovite grains.
Figure 2.10a shows that there is a negative correlation between Li and octahedral Al (IVAl
) for all mica types, and that magmatic white micas (slope = -0.53) have a different trend
from metasomatic white micas (slope = -0.32). Figure 2.10b shows a weak positive
correlation between apfu Li and tetrahedral Al (VIAl), with no apparent differences
between magmatic and metasomatic white mica trends. There is no correlation between
Fe and Ti and Li, but there is a positive relationship between Mn and Li (Table 2.1),
suggesting that both have substituted for Al in the octahedral sites of white mica.
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Figure 2.10: Lithium and Al substitutions in muscovite: A) Li vs. VIAl; B) Li vs. IVAl.
All values in apfu. Red: magmatic analyses; Blue: metasomatic analyses. Squares: central
zone; Circles: intermediate zone; Triangles: wall zone.

Figure 2.11: Muscovite chemistry result of Li2O vs. F (wt%) comparison of Dike 1 by:
a) magmatic analyses b) metasomatic analyses., Grey line is linear regression of all data.
Magmatic line Li2O = 0.85*F+0.17 (R2=0.71). Metasomatic Line Li2O = 0.82*F+0.31
(R2=0.55).
There is a clear positive correlation between Li2O and F (Figure 2.11a, b). This
relationship is expected as F is typically used to estimate the Li content of micas when Li
is not measured (Tindle and Webb, 1990; Linnen and Williams-Jones, 1995). For the
white mica in Dike 1 the Li2O content can be estimated with the equations below, a
similar estimation to those made in previous literature (Tindle and Webb, 1990;
Tischendorf et al., 1997; Van Litchervelde et al., 2008).
1) Magmatic: 𝐿𝑖2 𝑂 = 0.85𝐹 + 0.17 (R2=0.71) (Figure 2.11a)
2) Metasomatic: 𝐿𝑖2 𝑂 = 0.82𝐹 + 0.31 (R2=0.55) (Figure 2.11b)
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There is no clear correlation between Li enrichment of the white mica and pegmatite
zones (Figure 2.12a). The average values of white mica grains by zone are: Wall 0.75
(±0.6 2σ) wt% Li2O; Intermediate 0.76 (±0.5 2σ) wt% Li2O; Central 0.72 (±0.6 2σ) wt%
Li2O. Rimmed white mica grains have the highest average Li2O (0.82 wt%) content with
cores being more Li2O rich, followed by patchy (0.79 wt%), poorly zoned grains (0.72
wt%), and grains that host RSI have the lowest Li2O (0.57 wt%) content (Figure 2.12b).
The lower Li content of these micas is potentially explained by partitioning of Li into the
trioctahedral inclusions, which have an average Li2O concentration of 0.97 wt%.
Whereas there are differences in the Li contents of different textural locations in single
grains, i.e., cores versus rims, matrix versus RSI, the Li content within a textural domain
of an individual white mica grain varies little. White mica grains taken from drill core
samples containing spodumene tend to have a higher Li2O content (Figure 2.12c). White
mica grains from samples with spodumene have an average Li2O of 0.82±0.52 wt% and
white mica grains from samples without spodumene have an average Li2O of 0.64±0.50
wt%. However, there is a significant overlap between the two populations. This overlap is
likely caused by sample bias where spodumene is not present within the 2D
representation provided by drill core but is present within the 3D space surrounding the
analysed grain. There are minimal differences in the range and averages of Li2O contents
of magmatic versus metasomatic white mica grains (Figure 2.11a, b).
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Figure 2.12: Averaged muscovite grain chemistry results Li2O Vs. F (wt%) by a)
Pegmatite zone: Wall (red), Intermediate (yellow), Central (blue); b) Muscovite
backscatter imager texture: Poorly zoned (green), RSI-hosting (red), Patchy (yellow),
Rimmed (cyan); c) Spodumene present in core sample: Spodumene present (green), No
spodumene present (grey).
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The K/Rb ratio vs Cs ppm (K from EPMA; Rb, Cs from LA-ICP-MS) compositions of
micas are plotted on Figure 2.13 a, b. The spot analyses of all white mica range from 291
ppm to 11500 ppm Cs and the K/Rb ratio ranges from 13.7 to 3.8. White mica grains that
are more heterogeneous, such as the metasomatic portions of patchy grains, show a much
greater variation in Cs content than in K/Rb (Figure 2.13b). Magmatic white mica
analyses range from 308 ppm to 6270 ppm Cs and 13.7 to 4.2 K/Rb ratio. Metasomatic
white mica analyses range from 291 ppm to 11500 ppm Cs and from 10.3 to 3.8 K/Rb
ratio. With decreasing K/Rb there is an increase in Cs, Tl, and Ta (Figure 2. 14a-d) and a
decrease in the Nb content of white micas (Figure 2.14e, f). Clusters which fall outside
the trend to the right of the curve (Figures 2.13 & 2.14) are from one sample (16-4-86
C1). It has elevated Mn, Mg, and Li content and lower VIAl. There are no petrographic
abnormalities within this grain that explain the anomalous behaviour.

Figure 2.13: Muscovite chemistry results K/Rb vs Cs (ppm) a) all data, dot size increases
with Li2O concentrations in grain; b) magmatic analysis.
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Figure 2.14: Muscovite chemistry results K/Rb vs Cs (ppm) with element concentration
heat map. Heat map shows lowest concentrations in blue and highest concentrations in
pink a) Tl magmatic; b) Tl metasomatic; c) Ta magmatic; d) Ta metasomatic; e) Nb
magmatic; f) Nb metasomatic. Symbol size is increases with Li2O content.
Most of the white mica grains have elevated Nb and Ta contents (Figure 2.15a, b). The
Nb content ranges from 111 ppm to 2260 ppm, with an average of 796 ppm Nb (Figure
2.15a). The micas from the wall zone are the most enriched in Nb, and the average Nb
contents decrease slightly towards the central zone. The wall zone micas have an average
of 860 ppm and the central zone has an average of 743 ppm Nb. The Ta contents range
from 8 ppm to 694 ppm, with an average of 178 ppm Ta (Figure 2.15b). The central zone
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is the most enriched in Ta, and the Ta contents decrease towards the wall zone (the
distribution of Sn, not shown, is very similar to Ta). The central zone has an average of
236 ppm and the wall zone has an average of 95 ppm Ta. The relative change of Ta is
greater than that of Nb, thus the Nb/Ta ratio ranges from 9.6 in the wall zone to 6.6 in the
intermediate zone and 4.8 in the central zone. It should be noted that the presences of
CGM can influence the Nb/Ta concentrations of the micas. White mica grains in samples
that also contain CGM have on average a higher Nb and lower Ta contents. These white
mica grains have an average of 832 ppm Nb, 148 ppm Ta and a Nb/Ta ratio of 7.3. White
mica grains in samples without CGM have an average of 655 ppm Nb, 292 ppm Ta and a
Nb/Ta ratio of 2.7. There are no significant variations in Ta, Nb, Sn, and Tl with relation
to magmatic or metasomatic white mica grains.

Figure 2.15: a) Nb, and b) Ta variation between pegmatite zones in Dike 1.

2.6 Discussion
2.6.1

Controls on emplacement of dikes and implications on the
tectonic setting

It is commonly assumed that pegmatites and related granitic intrusions are emplaced
during extension where the crust opens up to make space (Gay, 1980; Zobach and
Zobach, 1980). However, this is rarely the case (Brisbin, 1986). The dominate state of
stress in the crust is overall compressional, but these forces are commonly misaligned
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leading to transpressional regimes and consequently extension occurs (Gay, 1980;
Zoback and Zoback, 1980). Pegmatite dikes are formed where the pressure of the
intruding magma overcomes the compressional stress and tensile strength of the rock.
Transpressional zones of extension or shearing provide planes of lower compressional
forces for dikes to intrude. The host rock and the rheological state of the host rock also
have an important role in emplacement of the pegmatite dike. The effect of host rock
tensile strength can be observed in Wekusko Lake where the host of Dike 1is 10 m thick
in amphibolite, but rapidly decreases to 10 cm at the contact with gneiss.
The Wekusko Lake pegmatite dikes have a podiform and lens-shaped morphology, which
is common in dikes emplaced in brittle to ductile transition zones (Brisbin, 1986). The
dikes in Wekusko Lake crosscut foliation and gneissosity of host rocks, and do not occur
in faults or shear zones. Therefore, the orientation is interpreted to have been caused by
an anisotropic force parallel-subparallel to the trend of the dikes. D4 is the only
deformation event in Wekusko Lake considered to be brittle-ductile (Černý et al., 1981;
Lucas et al., 1994; Connors et al., 1999) (D3 is Northwest trending transpressional
shortening) and the orientation of the dikes was controlled by planes of weakness and
anisotropic forces.
The emplacement age of 1.78 Ga constrains the formation of the dikes to be after D2,
peak metamorphism dated at 1.81Ga and before craton stabilization at 1.70 Ga
(Schneider et al., 2007; Hammer et al., 2010). Neither D3 or D4 have been dated but both
events occur between 1.81 Ga and 1.70 Ga. Based on the conditions above, it is
suggested that the pegmatite dikes in Wekusko Lake are linked to the D4 northwest
trending brittle-ductile deformational phase. If the folding present in the dikes is caused
by late D4 compression, then the age of the pegmatites also represents a maximum age
for late stage D4 deformation.
A thermal peak at 1.77 Ga with associated mid-crustal melting has been interpreted by
Schnieder et al. (2007). These authors believe that it is related to rapid crustal extension
and unroofing rather than having been linked to slow cooling following peak
metamorphism. This could have led to white mica dehydration and decompression
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melting (Kraus and Menard, 1997). Although there is no formal connection between the
crustal extension and decompression melting events the similarity of the ages and nature
of events suggest a link.

2.6.2

White Mica Geochemistry

The white mica in this study shows a trend of increasing Li with decreasing AlVI (Figure
2.10a). This trend suggests white mica has undergone Li fixation (Munoz, 1968; Monier
and Robert, 1986): AlVI,□VI↔(M2+)VI,LiVI, where M2+ is an octahedral divalent cation,
most commonly Fe, Mg, and Mn and □ is an octahedral vacancy. This results in an
increase in octahedral cations and leaves the tetrahedral layer unchanged. As a result, M2+
cations and Li can be plotted against the number of trioctahedral cations (Figure 2.16a-c).
This is used to determine which M2+ cations are fixed to the octahedral site with Li. The
substitution of Fe into the M2+ cation with Li does not correlate 1:1 with the trioctahedral
cations (Figure 2.16a) and there is no variation in the trends in relation to magmatic and
metasomatic grains. This suggests Fe enrichment cannot be completely explained via Li
fixation. Both Mn and Mg with Li (Figure 2.16b; c) have a nearly 1:1 correlation with
trioctahedral cations in the magmatic grains. This correlation is maintained when both are
plotted with Li against trioctahedral cations (Figure 2.16d). Magmatic grains follow
closer to the 1:1 correlation than the metasomatic grains when plotting Mn and Mg
(Figure 2.16b-d). This suggests an alternate enrichment substitution for Fe. An alternate
method for enriching Fe within a mica is phengitic substitution, AlVI,AlIV↔MgVI,SiVI,
coupled with Fe↔Mg substitution (Foster, 1956; Monier and Robert, 1986; Brigatti et al.,
1998; Schmidt et al., 2001). This does not affect the total number of trioctahedral cations.
When plotting AlIV+AlVI against Si+Fe (Figure 2.16e), the slope is near -1, which
supports this as a substitution mechanism for enriching Fe in white mica. The two
proposed substitutions can be combined into a single larger equation
AlIV+(AlVI)2↔Li+Si+Fe+(Mn,Mg) (Figure 2.16f). Micas plotted on this a graph using
this equation also have a slope near -1.
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Figure 2.16: Potential substitution mechanisms in muscovite. A) Li+Fe vs trioctahedral
cations; b) Li+Mg vs trioctahedral cations; c) Li+Mn vs trioctahedral cations; d)
Li+Mn+Mg vs trioctahedral cations; e) Si+Fe vs IVAl+VIAl Line of regression slope = 0.8, R2=0.88; f) Li+Si+Fe+(Mn+Mg) vs IVAl+2VIAl. Line of regression slope = -0.99.
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R2= 0.91. Grey lines show linear regression of all data. Black lines show a slope of 1
through the origin.
This substitution mechanism does not fully explain the varying slopes between magmatic
and metasomatic grains observed when plotting excess octahedral cations vs Li+M2+
(Figure 2.16). A similar observation from a plot of Li vs AlVI (Figure 2.10). There are
three apparent trends, two magmatic parallel trends which plot close to the ideal slope of
-1, and a metasomatic trend which does not (Figure 2.17a). The two magmatic trends are
distinguished between high and low F. A similar observation is made when Li is plotted
vs octahedral M2+ cations (Figure 2.17b). Both magmatic trends follow a close to ideal
slope of -1, whereas metasomatic grains trend has a shallower slope. This suggests a
method of Li-enrichment without M2+ enrichment in metasomatic white mica grains.

Figure 2.17: a) VIAl vs Li (APFU) low F (pink) micas plot close to slope of -1 (pink
line), which differs from High F and metasomatic analyses; b) divalent cations vs Li
(APFU) shows 3 trends: Low F (Pink) and High F (Red) with slopes close to 1 and
Metasomatic (blue) with slope close to 0.

Icenhower and London (1997) investigated F partitioning between biotite and silicate
melt and suggested that a F-O exchange may occur during deprotonation reactions:
[Fe2+OH]+bt ↔ [Fe3+O] +bt + 0.5H2 melt. The data in this study suggest a similar reaction
involving deprotonation and F substitution may take place in metasomatic white mica.
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[VIFe2+OH]+ + VI□ = [VIFe3+O]+ + VILi+ + OHFCharge balance is maintained during deprotonation adding Li to the vacant octahedral site
is balanced by adding F to an OH site. This would explain the horizontal trend on Figure
2.17b, where the total Fe+Mg+Mn is constant but the amounts of Li (and by inference F)
increase. Testing this hypothesis would require in situ Fe2+/Fe3+ analysis of the micas,
which outside the scope of this study. However, it is interesting to note that in a microXANES study of white micas in metapelites, white micas have the highest Fe3+/Fe2+
ratios (Dyar et al., 2002) of any mineral in the metamorphic assemblage, thus Fe3+ in
white mica is a reasonable interpretation. The hematization observed indicates that
oxidation did occur, and if this event was synchronous with the metasomatic
crystallization of the white mica the above equation could explain the geochemical
differences between the magmatic and metasomatic analyses.

2.6.3

Mica evolution and pegmatite fractional crystallization
modeling

The evolution of granitic melts is commonly tracked using the contents of incompatible
elements in rocks and minerals during fractional crystallization (Joliff et al., 1987; Roda
et al., 1995; Wise, 1995). White mica is particularly well suited to record increases of the
contents of Cs, Rb, Tl, Ta, Nb and Li during crystallization (Joliff et al., 1987; Roda et
al., 1995; Wise, 1995). Figure 2.13 shows that Cs concentrations increase with decreasing
K/Rb, which is interpreted to reflect increasing evolution (Černý et al., 1981; Roda et al.,
1995). Other incompatible elements such as Tl, Li, and Ta have been used to show
similar evolution trends (Roda et al., 1995; Wise, 1995; Wise and Brown, 2010). Within
the context of Dike 1, grains from the wall zone are, on average, are least evolved and
range from primitive to moderately evolved (Figure 2.13). Grains from the intermediate
zone also range from primitive to evolved. Grains from the central zone are on average
evolved and range from primitive to evolved (Figure 2.13). This suggests the dike
crystallized from the wall zone inward. Texturally, the poorly zoned white mica grains
range from primitive to evolved. Whereas white mica grains that host RSI are generally
less evolved and the patchy zoned grains are more evolved. When compared to white
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mica from other LCT pegmatites (Figure 2.18), Wekusko Lake white mica grains are
moderately evolved. Dike 1 plots slightly less evolved than the Tanco pegmatite, Canada
(Van Lichtervelde et al., 2007) and more evolved than the Bailongshan LCT pegmatite,
China (Xing et al., 2020).

Figure 2.18: Muscovite chemistry results of Dike 1 (Black) plotted with a compilation of
mica found in pegmatites around the world (Ballouard et al., 2020; Canosa et al., 2012;
Černý et al., 2012; Dewaele et al., 2015; Groat et al., 2003; Joliff et al., 1987; Kaeter et
al., 2018; Liu et al., 2020 (Tibet); Martins et al., 2012 (Portugal); Roda et al., 1995; Roda
et al., 2005; Roda et al., 2007; Van Litchervelde et al., 2007 (Canada); Wise et al., 1995;
Xing et al., 2020; Yang et al., 2020). Outliers outside of plotted area are: 3 points from
Roda et al., 1995 (<90 K/RB and >100ppm Cs); 1 point from Roda et at., 2007 (<190
K/Rb and >600ppm Cs); 4 points from Černý et al., 2012 (>0.3 K/Rb and <20000ppm
Cs).
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Table 2.2: Mineral mass fraction of S-type granite (Chakraborty and Upadhyay, 2020) and Dike #1 pegmatite; Kd values for
muscovite (Ms): Philpotts and Schetzler (1970), and Icenhower and London (1995) (K, Rb, Cs);Kd values for tourmaline (Tur): Van
Hinsberg (2011) (K, Rb, Cs); Kd values for K-feldspar (Kfs): Philpotts and Schetzler (1970) (K), Long (1978) (Rb), and Icenhower
and London (1995) (Cs);Kd values for garnet (Grt): Philpotts and Schetzler (1970) (K, Rb, Cs); Kd values for biotite (Bt): Higuchi
and Nagasawa (1969) (K), Philpotts and Schetzler (1970) (Rb), Icenhower and London (1995) (Cs); Kd values for quartz (qz): Nash
and Crecraft (1985) (K, Rb, Cs); Kd values for plagioclase (Pl): Philpotts and Schetzler (1970) (K), and Nash and Crecraft (1985) (Rb,
Cs).

Mineral S-type granite
Ms
zone
wall
intermediate
Central
elements Co S-type granite (ppm) Co Pegmatite (ppm)
K
35000
34334
Rb
220
4015
Cs
16
2111

Tur
0.07
0.17
0.18

0.13
0.11
0.07

2.54
1.75
0.16

0.19
0.3
0.06

Table 2: parameters for Rayleigh fractionation modelling
Kfs
Grt
Bt
Qz
Pl
Benn
X (mineral mass fraction)
0.18
0.06
0.17
0.25
0.14
0.18
0.05
0.1
0.25
0.14
0.19
0.055
0.1
0.27
0.14
Kd (partition coefficient)
1.49
0.01
2.5
0.01
0.26
1.1
0.01
0.94
0.04
0.13
0.13
0.01
0.28
0.03
0.18

Ms

Tur
0.05
0.1
0.15

Kfs
0.04
0.03
0.2

Grt
0.2
0.15
0.1

Bt
0.001
0.001
0.001

Qz
0.008
0.0075
0.007

Pl
0.37
0.37
0.37

0.38
0.38
0.38
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The white mica grain analyses were compared to a Rayleigh-type fractional
crystallization model of a theoretical typical S-type granite (Table 2.2) to determine the
degree of crystallization required to obtain the concentrations of trace elements observed
in the white mica. The quantitative “finite-step” approach was used to account for
changes in the mineral-melt partition coefficients and mineral proportions during
different stage of crystallization (Hertogen and Gijebels, 1976; Hulsbosch et al., 2014). It
should be noted that partitioning coefficients are dependent on the physicochemical
conditions of the geological system, which are rarely known (Pan, 1977). It is assumed
that the partition coefficients do not change throughout crystallization. The basic
mathematic formulation of Rayleigh Fractionation is:
𝐿𝑖𝑞

(1)

𝐶𝑖

𝐿𝑖𝑞

𝐶0,𝑖

= (1 − 𝐹)(𝐷𝑖 −1)

𝐿𝑖𝑞
Where 𝐶0,𝑖
= initial concentration of element ‘ί’ in parent melt, 𝐶𝑖𝐿𝑖𝑞 = concentration of

element ‘ί’ in the residual melt, F = fraction of crystallization, 𝐷𝑖 = bulk distribution
coefficient of element ‘ί’, 𝐷𝑖 =∑𝑗 𝑋𝑗 ∗ 𝐾𝑑,𝑖,𝑗 , 𝑋𝑗 = the mass fraction of mineral ‘j’ in the
crystallizing assemblage, and 𝐾𝑑,𝑗,𝑖 = crystal/melt portioning coefficient of element ‘ἱ’ in
mineral ‘j’. The corresponding equation for the composition of element ‘ί’ in mineral ‘j’:
𝐿𝑖𝑞
𝑆𝑜𝑙
(2) 𝐶𝑖,𝑗
= 𝐾𝑑,𝑖,𝑗 𝐶0,𝑖
(1 − 𝐹)(𝐷𝑖 −1)

This equation can be rewritten in logarithmic form as:
𝐿𝑖𝑞
𝑆𝑜𝑙
(3) 𝐿𝑜𝑔(𝐶𝑖,𝑗
) − 𝐿𝑜𝑔(𝐶0,𝑖
) = 𝐿𝑜𝑔(𝐾𝑑,𝑖,𝑗 ) + (𝐷𝑖 − 1) ∗ 𝐿𝑜𝑔(1 − 𝐹)

The equation for the expected chemical trend for mineral ‘j’ in a three-element graph
(e.g. Log(K/Rb) vs. Log(Cs) in white mica) is as follows:
𝑆𝑜𝑙
𝐶𝐾

(4) 𝐿𝑜𝑔 (

𝑆𝑜𝑙
𝐶𝑅𝑏

𝐿𝑖𝑞
𝐿𝑜𝑔(𝐶0,𝐶𝑠
𝐾𝑑,𝐶𝑠 )]

𝐿𝑖𝑞
𝐿𝑖𝑞
𝑆𝑜𝑙
) = 𝐴 ∗ 𝐿𝑜𝑔(𝐶𝐶𝑠
) + [𝐿𝑜𝑔(𝐶0,𝐾
𝐾𝑑,𝐾 /𝐶0,𝑅𝑏
𝐾𝑑,𝑅𝑏 ) − (1 + 𝐴) ∗
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Where:
(5) 𝐴 =

𝐷𝐾 −𝐷𝑅𝑏
𝐷𝐶𝑠 −1

A comparable relationship can be derived for two-element graphs (e.g. Log(K/Rb) vs.
Log(Rb) and Log(K/Cs) vs. Log(Cs) in white mica):
𝑆𝑜𝑙
𝐶𝐾

(6) 𝐿𝑜𝑔 (

𝑆𝑜𝑙
𝐶𝑅𝑏

𝐿𝑖𝑞
𝑆𝑜𝑙
) = 𝐴 ∗ 𝐿𝑜𝑔(𝐶𝑅𝑏
) + [𝐿𝑜𝑔(𝐶0,𝐾
𝐾𝑑,𝐾 ) − (1 + 𝐴) ∗

𝐿𝑖𝑞

𝐿𝑜𝑔(𝐶0,𝑅𝑏 𝐾𝑑,𝑅𝑏 )]
Where:
(7) 𝐴 =

𝐷𝐾 −𝐷𝑅𝑏
𝐷𝑅𝑏 −1

And:
𝑆𝑜𝑙
𝐶𝐾

(8) 𝐿𝑜𝑔 (

𝑆𝑜𝑙
𝐶𝐶𝑠

𝐿𝑖𝑞
𝐿𝑖𝑞
𝑆𝑜𝑙
) = 𝐴 ∗ 𝐿𝑜𝑔(𝐶𝐶𝑠
) + [𝐿𝑜𝑔(𝐶0,𝐾
𝐾𝑑,𝐾 ) − (1 + 𝐴) ∗ 𝐿𝑜𝑔(𝐶0,𝐶𝑠
𝐾𝑑,𝐶𝑠 )]

Where:
(9) 𝐴 =

𝐷𝐾 −𝐷𝐶𝑠
𝐷𝐶𝑠 −1

For the full derivations of the above equations, refer to Hulsbosch et al. (2014).
A strong case for a Rayleigh fractionation can be made if three elements in a mineral,
plotted in a Log(E1/E2) vs. Log(E3) graph meet the following requirements (Hanson,
1978; Hulsbosch et al., 2014): (1) the data define a linear array, (2) the slope of the
trendline depends on the values of the bulk distribution coefficients, (3) the y-intercept is
a function of the bulk distribution coefficients, the partition coefficients and the initial
concentrations of the elements in the partial melt.
It is noted by Taylor (1965) that the K2O content of granites remain nearly constant
during the differentiation. This implies that the bulk distribution coefficient of K remains
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close to unity during fractional crystallization. If so, variable A can be simplified to -1 in
equations (6) – (9) and can be reduced to the following:
𝑆𝑜𝑙
𝐶𝐾

(10) 𝐿𝑜𝑔 (

𝑆𝑜𝑙
𝐶𝑅𝑏

𝐿𝑖𝑞
𝑆𝑜𝑙
) = −𝐿𝑜𝑔(𝐶𝑅𝑏
) + 𝐿𝑜𝑔(𝐶0,𝐾
𝐾𝑑,𝐾 )

And:
𝑆𝑜𝑙
𝐶𝐾

(11) 𝐿𝑜𝑔 (

𝑆𝑜𝑙
𝐶𝐶𝑠

𝐿𝑖𝑞
𝑆𝑜𝑙
) = −𝐿𝑜𝑔(𝐶𝐶𝑠
) + 𝐿𝑜𝑔(𝐶0,𝐾
𝐾𝑑,𝐾 )

An analogous expression of Equation (10) is:
𝑆𝑜𝑙
𝐶𝐾

(12) (

𝑆𝑜𝑙
𝐶𝑅𝑏

𝐿𝑖𝑞
) = (𝐶0,𝐾
∗ 𝐾𝑑,𝐾 )(

1
𝑆𝑜𝑙
𝐶𝑅𝑏

)

This equation is a hyperbola asymptotic to the x- and y- axes (Figure 2.19a,c). If K is
kept constant during fractional crystallization, Rb or Cs will be enriched in relative to K,
and a hyperbolic relationship is to be expected (Hulsbosch et al., 2014). The initial
concentrations and mineral mass fraction of the theoretical S-type granite are listed in
Table 2.2. A linear fit through a Log(K/Rb) vs Log(Rb) plot (Figure 2.19b) of the white
mica (R2=0.99) produces a slope of -1.02 and a y-intercept of 5.03. There is little to no
variation in this line between the high F magmatic, low F magmatic and metasomatic
analyses. This compares closely to the modelled slope of -1 and y-intercept of 4.95. A
linear fit through a Log(K/Cs) vs Log(Cs) plot (Figure 2.19d) of the white mica
(R2=0.99) produces a slope of -1.01 and a y-intercept of 4.97. There is little variation in
this line between the high F magmatic, low F magmatic and metasomatic analyses. This
compares closely to the expected model slope of -1 and y-intercept of 4.95. A linear fit
through a Log(K/Rb) vs Log (Cs) plot (Figure 2.19f) of the white mica produces three
different slopes for high F, low F, metasomatic analyses of -0.25, -0.29, and -0.23
respectively and a y-intercept of 0.64, 0.71, and 0.54. This compares to the modelled
slope of -0.42 and y-intercept of 2.13. The linear trends observed in the white mica data,
and the deviation of some white mica grains from the theoretical model data, makes the
case that Rayleigh fractional crystallization is not the only factor controlling the trace
element variation throughout the pegmatite. The models presented in Figure 2.19a
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through Figure 2.19d provide insight into the degree of crystallization required to achieve
these trace element values. However, the models do a poor job distinguishing the
previously observed trends in the data such as high F and low F magmatic grains or
grains recrystallized by metasomatic fluid interactions, nor can it distinguish between the
high F magmatic grains and the low F magmatic grains. Figure 2.19e and Figure 2.19f
show that trace element value observed in this pegmatite cannot be achieved through only
the fractional crystallization of a S-type granite.
All white mica grains analysed range between 99% and 99.99% crystallization of a
typical S-type granite (Figure 2.19e). Fractional crystallization of 99.99% may not be
reasonable but similar, and even higher concentrations of incompatible elements in melts
can be attained through constitutional zone refining (CZR) London (2014). It is difficult
to model constitutional zone refining without knowledge of the diffusivities of the
incompatible elements and crystal growth rates, but the results of CZR are comparable to
Raleigh fractionation (London, 2008).
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Figure 2.19: a,c,e) Modelled Rayleigh fractionation (F values shown) for alkali element
trends in muscovite. b,d,f) corresponding log plots to a,c,e. Open symbols represent the
modelled values from an initial granitic magma. Triangles represent the Wall zone,
Circles represent the Intermediate zone and Squares represent the Central zone. Red
symbols represent analyses from portions of the mica interpreted as high F magmatic,
Pink symbols represent analyses from portions of the mica interpreted as low F magmatic
and Blue symbols represent analyses from portions of the mica interpreted as
metasomatics. A line of best fit was plotted through magmatic and metasomatic analyses.
The fractional crystallization of a pegmatitic melt (Table 2.2; Appendix F) was also
modelled and is shown in Figure 2.20. The initial composition of the pegmatitic melt is a

64

theoretical composition based on the melt required to crystallization the most primitive
mica analysis at 0.1% crystallization. This model shows the analysed mica grains ranging
from 0.1% to 99% crystallization. The magmatic grains range from 0.1% to 99%
crystallization. The metasomatic grains range from 30% to 99% crystallization. This
supports a fractional crystallization origin for the pegmatite dikes at Wekusko Lake and
shows how fractional crystallization can account for some of the chemical variations
between the wall, intermediate and central zones. However, there are many points (both
magmatic and metasomatic) that lie off the fractional crystallization curve. This is
particularly true for the intermediate and central zones.
During fractional crystallization in white mica, Rb has a partition coefficient of 1.75 and
Cs has a partition coefficient of 0.16. Therefore, it is expected to observe a larger increase
in Rb compared to Cs. However, the metasomatic population has a larger variation in Cs
relative to Rb than the magmatic population (Figure 2.13a, b) and have a greater K/Rb
ratio than the modelled values (Figure 2.20). For Cs to increase without a proportional
increase in Rb, there would have need to be a secondary Cs-rich fluid interacting with the
white mica. This is supported by textural evidence such as zonation of the white mica
grains near fractures, cleavage planes and grain boundaries (Figure 2.5). Our petrographic
observations and fractional crystallization modelling suggest that textural variation within
the white mica grain is not a primary magmatic feature, rather, a secondary metasomatic
one similar to Xing et al. (2020). The Cs enrichment indicates that the late fluids are
magmatic although their exact timing is unknown.
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Figure 2.20: Modelled Rayleigh fractionation for K/Rb vs Cs for an initial melt
composition (X) such that muscovite crystallized at F=0.001 has the same composition as
the most primitive muscovite observed in Dike 1. Open symbols represent the modelled
values crystallized from a magma with a composition marked with X such that the first
micas formed are of similar compositions to the most primitive micas in Dike 1.
Triangles represent the Wall zone, Circles represent the Intermediate zone and Squares
represent the Central zone. Red symbols represent analyses from portions of the mica
interpreted as magmatic and blue symbols represent analyses from portions of the mica
interpreted as metasomatics. A line of best fit was plotted through magmatic and
metasomatic analyses. Green arrow outlines pathway of increasing evolution in white
mica.
Modelling mica crystallizing from fluids is currently a challenging task as limited
experimental data is available. However, some fluid-melt partition coefficients have been
determined (Zajacs, 2008; Iverson et al., 2019; Schmidt, 2018), making it possible to
derive a fluid-mica partition coefficient (Antipin, 1980; Kovalenko, 1980):
𝐾𝑑𝑚𝑖𝑐𝑎/𝑓𝑙𝑢𝑖𝑑 = 𝐾𝑑𝑚𝑖𝑐𝑎/𝑚𝑒𝑙𝑡 /𝐾𝑑𝑓𝑙𝑢𝑖𝑑/𝑚𝑒𝑙𝑡

66

However, this equation only works to estimate a mica crystallized from a fluid in
equilibrium with fractional crystallization, rather than a mica crystallized during a
secondary metasomatic event. Therefore, this mica composition is not different from the
one that previous modelled above.

2.7 Conclusion
The 1.78 Ga Wekusko Lake pegmatites were emplaced early during the D4 brittle-ductile
deformational event and subsequently folded during late D4 deformation. This places a
maximum age of 1.78 Ga on the previously undated D4 deformational event.
The increased Li, Fe, Mn, and Mg in the white mica is a combination of phengitic
substitution and octahedral Li-fixation. Rayleigh fractional crystallization could be
controlling the trace element variation in micas throughout the pegmatite. Based on our
theoretical modelling, the micas from the pegmatite dikes are a result of 99% to 99.99%
fractional crystallization of granitic melt. This model does not account for the Cs
enrichment observed in some of the studied micas. Together with textural evidence, we
suggested that a post magmatic event, possible a Cs-rich secondary fluid caused
metasomatism in the white mica grains.
Understanding the evolution of pegmatites are important steps in exploring the economic
potential of the pegmatite. There are strong correlations between increased evolution and
concentration of elements such as Li, Ta, Cs, and Tl. The K/Rb vs Cs in white mica is
strong tool when analysing evolution and economic potential of pegmatite dikes, not just
for Li potential but also other critical metals. This suggests that white mica is an indicator
mineral for evaluating evolution in LCT-pegmatites.
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Chapter 3

3

Integrated Paper 2

3.1 Introduction
Lithium exploration is on the rise due to an increased need for Li products most notably
Li-ion batteries. The majority of Li resources is hosted in two types of deposits: Li-Cs-Ta
(LCT) pegmatites (e.g., Greenbushes, Australia), and brines (e.g., Salar de Atacama,
Chile) (Kesler et al., 2012; Sterbia et al., 2019; Bowell et al., 2020), although clay
deposits (such as hectorite and jadarite) may also be important in the future. Pegmatites
contain the highest Li grades (0.5 – 1.2 wt%) and lower tonnages (<1000 Kt), brines have
lower Li grades (<0.2 wt%) and larger tonnages (<6000 Kt) (Sinclair, 1995; Mohr et al.,
2012, Bradley et al., 2017).
Typical LCT pegmatite exploration uses a combination of lithogeochemistry, soil
geochemistry, stream sediment geochemistry, mineralogy, and mineral chemistry
(Trueman and Černý, 1982; Galeschuk and Vanstone, 2005; Steiner, 2019) but other
techniques such as LiDAR (Dart Mining NL, 2021) and remote sensing (CardosoFernandes et al., 2021), and methods that integrate a variety of statistical approaches
(e.g., Deveaud et al., 2013; Fyzollahhi et al., 2018) are also gaining traction.
Lithogeochemistry relies on trace element (mainly Li, Rb, and Cs) mobility through the
host rock to produce aureoles around the dikes (Ovchkinnikov 1976, Morgan and
London, 1987). The size of the aureoles is controlled by the composition and structure of
the host rock (Beus et al., 1968) and the mobility of the element that is being measured
(Shearer et al., 1986). This method is subject to false anomalies caused by footwall
aureoles from eroded pegmatites, underestimated aureoles thicknesses of deeply buried
pegmatites and metasomatic aureoles caused by alkali-rich fluids migrating through
fractures (Galeschuk and Vanstone, 2005). It has been suggested that the geochemical
analysis of fracture mineralization (such as chlorite) can produce a stronger aureole
(Linnen et al., 2015). Geophysical techniques are not widely used although gravity has
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potential because of the high density of spodumene (Trueman and Černý, 1982) and other
techniques such as magnetics can show strong contrasts between pegmatites and
wallrocks. An alternative to lithogeochemistry is soil chemistry, generally from the BHorizon. These can be analysed from bulk samples (Steiner, 2019), using the MMI
(Mobile Metal Ion) technique (e.g., www.foremostlithium.com) or using the Enzyme
Leach method (Clark, 1993). The latter involves the preferential dissolution of
amorphous manganese oxides, which are ionic traps for trace elements that migrate
through the subsurface from depths (Clark, 1993; Clark, 1997), although other extraction
methods have also been used (Xu et al., 2019). The Enzyme Leach method is particularly
useful when exploring for pegmatites buried under the overburden (Galeschuk and
Vanstone, 2005) and has produced positive anomalies for pegmatites when
lithogeochemistry could not (Galeschuk, 2001). The use of mineral typomorphism and
mineral chemistry becomes important when evaluating the prospective mineralization
within pegmatite dikes (Trueman and Černý, 1982). Mineral typomorphism uses the
occurrences and variable properties of accessory minerals to classify the evolutionary
stage of the pegmatite (Trueman and Černý, 1982). Mineral chemistry is ideal for
identifying fractionation trends within pegmatite fields and individual pegmatite dikes
(Trueman and Černý, 1982; Selway et al., 2005; Maneta and Baker, 2019). This
technique typically uses the K/Rb ratios in alkali feldspars, Li/Al, Ti/Al, B/Al, Ge/Al
ratios in quartz and the K/Rb, K/Cs, and Mg/Li ratios in muscovite to distinguish between
barren and fertile pegmatites (Chpt 2; Gordiyenko, 1971; Trueman and Černý, 1982;
Smeds, 1992, Selway et al., 2005; Beurlen et al., 2011; Beurlen et al., 2014; Maneta and
Baker, 2019).
Chapter 2 uses trace elements, notably Li, Cs and K/Rb ratios in the white micas to
describe the fractionation and internal evolution of the largest studied pegmatite dike.
Pegmatite zones that show a high degree of fractionation were associated with the highest
concentrations of Li, Cs and Ta, and contain spodumene and columbite group minerals
(CGM). White micas are also present in these zones, thus white micas may be a useful
tool for identifying and distinguishing fertile and barren zones of an individual pegmatite
dike. Considering the heterogenous nature of pegmatites, and the small size of an average
pegmatite dike, a single drill hole may not intersect all the zones of the pegmatite, thus it
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is difficult to interpret whether a pegmatite is mineralized or barren without additional
drilling. An objective of this study is to determine whether it is possible to use white mica
chemistry to distinguish between the wall or intermediate zones of mineralized
pegmatites compared to those of a fertile pegmatite.
Related to the previous objective is whether white mica compositions can be measured
using field portable techniques. The use of field portable techniques has been increasing
as more laboratory techniques adapted and precision/accuracy are improved upon
(Lemiere, 2015; Wise et al., 2022). This allows for real-time decision making and more
flexibility during the planning phases of a project. Field analyses allow for selection of
the most promising target, without fewer resources wasted on less viable targets
(Galuszka et al., 2015; Zhang et al., 2017). The continuous stream of feedback leads to
more effective decision making and more efficient exploration. These decrease the cost
and length of the field operation.
One of most commonly used techniques since the 1990s is x-ray fluorescence (XRF)
(Lemiere, 2018). The portable XRF is able to simultaneously measure elements from
atomic number 11 (Al) to 82 (Pb) (Young et al., 2016; Ryan et al., 2017; Skupio, 2020).
This makes XRF a powerful tool for obtaining quick elemental compositions of rock and
mineral samples. However, it is unable to distinguish mineral polymorphs or measure
lighter elements common in pegmatites such Li, Be, and B. The samples from Wekusko
Lake in this study were analysed by two field portable techniques: laser induced
breakdown spectrometer (LIBS) and the handheld Raman spectrometer to determine their
utility to pegmatite exploration.
Field portable LIBS is a recently developed technique that is complimentary to portable
XRF (Forte and Laserna, 2010; Connors et al., 2016). LIBS uses atomic emission
spectroscopy, using a high-energy laser pulse to generate plasma on the surface of the
sample. The characteristic spectral emissions from the plasma are captured on a series of
spectrometers. The handheld LIBS is able to identify a wider range of elements than
XRF, including elements as light as Li (Harmon et al., 2013). It has the additional
benefits of requiring little to no sample preparation, requires very little sample for
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analysis and is minimally destructive. It is also able to measure trace elements to ppm
levels (Hark and Harmon, 2014). The handheld LIBS have been used to obtain the Li
contents of a variety of minerals (Sweetapple and Tassios, 2015; Fabre et al., 2021) and
specifically, the K/Rb and Li contents of micas (Wise et al., 2022). However, the novelty
of this technique means it is still in need of standardized protocols and explorationoriented standard libraries (Lemiere and Uvarova, 2019; Fabre et al., 2021).
Raman spectroscopy is a well-known laboratory technique and has been widely used in
geology since the 1980s (Pasteris and Bayssac, 2020). Handheld Raman spectrometers
became available in the 2010s. Raman spectroscopy is a vibrational technique that
produces a spectrum with peaks corresponding to specific bonds or groups of bonds
(Mernagh and Trudu, 1993). This results in a unique spectral “fingerprint” for each
mineral, even those with the same chemical composition (i.e., mineral polymorphs).
Raman spectroscopy is sensitive to structural changes and cation substitutions in minerals
(Hope et al., 2001; Babedi et al., 2019). However, handheld Raman spectrometers are
highly susceptible to interference from ambient light and cosmic rays.
Chapter 2 identifies the chemical substitutions occurring within muscovite as it becomes
more Li-rich. As muscovite incorporates Li1+ and either Mg2+ or Mn2+ for IVAl3+ causing
it to transition from a dioctahedral mica (i.e., two cations in the octahedral site) into a
trioctahedral mica (i.e., three cations in the octahedral site). A second substitution occurs
in which Si4+ and Fe2+ replace VIAl3+ and IVAl3+. This changes the charge balance
between the tetrahedral and octahedral sites. Both these substitutions will have an effect
on the vibrational bond energy in the structure of the white mica, thus it is possible that
these substitutions can be documented by handheld Raman spectrometer analysis.

3.2 Wekusko Lake Pegmatite Dikes
The Wekusko Lake pegmatite field is located in the Snow Lake-Flin Flon area of westcentral Manitoba. The Wekusko Lake pegmatite field are part of the Green Bay Group
pegmatites (Černý et al., 1981; Benn et al., 2018a). The Zoro lithium project Foremost
Lithium Resources & Technology (formerly Far Resources ltd.) is located within the
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Wekusko Lake pegmatite, east-central Manitoba, Canada. This field area contains
thirteen identified pegmatite dikes, eight of which are included in this study (Figure 3.1).
The eight dikes were mapped in 2018 (Benn et al., 2018a), and drill core from 35 holes
was logged and sampled from 6 of the dikes. Dike 3 and Dike 6 were not drilled at the
time of this study.

Figure 3.1: Simplified geological map of the Wekusko Lake pegmatite field (Manitoba,
Canada), modified from Benn et al., 2018.
The dikes all consist of variable concentrations of albite, quartz, K-feldspars, spodumene,
white mica, tourmaline with accessory apatite, Fe-Mn phosphate minerals, beryl, garnet,
and trace CGM, arsenopyrite, and cassiterite (Benn et al., 2018b; Grammatikopoulos et
al., 2020), and can be classified as LCT, rare-element (REL) class, REL-Li subclass,
complex type, spodumene sub-type (Černý and Ercit, 2005). Metallurgical work on the
largest dike, Dike 1, was conducted by Grammatikopoulos et al. (2020) and they reported

86

a modal composition of 29% plagioclase, 29% quartz, 21% K-feldspar, 10.5%
spodumene, 5% mica, 3% tourmaline, and 0.1% Fe-Mn phosphate minerals.
All dikes consist of five zones: border, wall, intermediate, central and core. Details of the
zones are provided in Chapter 2, but the highest concentration of spodumene is within the
Central zone.
The dikes that have been drilled are ranked in this study based on average Li (wt% Li2O)
values from assays, intersection lengths, and dike thickness (Appendix G). The sum of
the Li (wt% Li2O) assays was divided by the intersection length to get Li (wt% Li2O) per
meter, for dikes with similar Li/m values the larger dike was ranked higher. From more
prospective to least prospective, the dikes are ranked as follows: Dike 1, Dike 8, Dike 5,
Dike 7, Dike 4, Dike 2. Dike 1 has the second highest average Li assay values (0.61 wt%
Li2O) but only slightly less than Dike 8 (0.62 wt% Li2O) (Figure 3.2; Appendix G). Dike
1 is the largest dike in the field area (Benn et al., 2018a). Dike 5 and Dike 7 are
moderately sized, with moderate Li assay values in Dike 5 (0.30 wt% Li2O) and
moderately low in Dike 7 (0.15 wt% Li2O) (Figure 3.2; Appendix G). Dike 4 and Dike 2
both have low average Li assay values, 0.13 wt% Li2O and 0.05 wt% Li2O respectively
(Figure 3.2; Appendix G).

Figure 3.2: Whole rock Li assays by (a) dike number and (b) dike zone.

3.3 Methods
Samples were obtained from quartered drill core. Thin sections were cut and polished, for
transmitted light microscopy at the Earth and Planetary Materials Analysis Laboratory at
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Western University. Addition petrography observations were conducted using the JEOL
JMC-600 NeoScope benchtop Scanning Electron Microscope equipped with the JEOL
JED-2300 energy dispersive X-ray analyser at Western University. Petrographic
descriptions of all thin sections in this study are included in Appendix B.
Thin sections were carbon coated prior to single point analyses back-scatter electron
(BSE) imagery and element maps were acquired using an energy dispersive spectrometer
(EDS), on the JEOL JXA-8530F field-emission election probe microanalyser (EPMA) at
Western University, London, ON, to determine whether individual grains were zoned.
Subsequently, point analysis of major and minor elements were determined using
wavelength dispersive (WDS) and EDS detectors. The microprobe operating conditions
were an accelerated voltage of 15 kV and a beam current of 100 nA with a beam size of
10 µm. Analysis counting times were 60 seconds. Ten-point transects of electron
microprobe analyses (EPMA) were taken from core to rim to measure intragrain
variations. Mineral calibrations standards used for analysis were orthoclase (K, Al, Si),
albite (Na), anorthite (Ca), olivine (Mg, Fe), pollucite (Cs), fluorite (F), rutile (Ti), and
synthetic RbTiOPO4 (Rb). Errors on analyses are reported on Appendix D.
Laser Ablation Inductively Coupled Plasma Mass Spectroscopy (LA-ICP-MS) of white
mica was conducted at the Element and Heavy Isotope Analytical Laboratories at the
University of Windsor using the Photon Machine 193 nm short pulse width Analyte
Excite excimer laser ablation system coupled with an Agilent 7900 quadrupole mass
spectrometer to determine trace elements and, in particular, lithium contents. Transects
were taken from core to rim, as close as possible to the EPMA transects. One hundred
thirty-eight traverses were completed across 67 mica grains. The data was obtained using
1.07 to 1.2 kV acceleration potential, and 4.1 mJ energy, with a beam size of 25 µm and a
repetition rate of 25 hz. Background was collected for 30 seconds before an ablation time
of 60 seconds. The grains were ablated with a laser fluency of ~2 J/cm2. NIST-610 was
used as the external standard. Silicon concentrations obtained from the EPMA were used
as an internal standard for each grain. Errors on analyses are reported in Appendix E.
Data reduction was completed using Iolite software, an add-on for Igor Pro by
Wavemetrics (Paton et al., 2011). Columbite group minerals were element mapped, using
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the EPMA, to determine internal zonation of Fe, Mg, Mn, Nb, Ta, Sn, Ti, U, W, and Zr.
The microprobe operating conditions were an accelerated voltage of 15kV, a beam
current of 100 nA, and a dwell time of 10 s.
LA-ICP-MS data collected from white micas were processed as the whole length of a
traverse to obtain average values that could be used to determine the composition of the
grain as a whole. Major and minor element (Si, Al, Ti, Fe, Mg, Na, K, Rb and F) data
obtained from EPMA was paired to corresponding minor and trace element (Li, Ba, Mn,
Cs, Be, Nb, Ta, Sn, and Tl) data obtained from LA-ICP-MS. Data points gathered from
LA-ICP-MS traverses were paired with the closest EPMA spot analysis using BSE
imagery.
Unpolished thin section blanks were kept for in-situ measurements using field portable
instruments. The white micas targeted were from the same mica grain as the laboratory
EPMA and LA-ICP-MS where possible. However, some grains were too small (<2 mm)
to be manually targeted or had been completely removed during the thin section creation
process. Raman measurements were performed using the DeltaNu field portable
RockHound 785 nm Raman spectrometer at Western University. Samples were analysed
in a low-light environment to reduce background noise in the measurements. The data
was processed using PeakFit to remove background noise and to identify peaks in the
spectra. Analyses were compared to reference spectra obtained from RRUFF spectral
database.
Thin section blocks were also used for in-situ LIBS analysis using the handheld SciAps
Z-300 LIBS Analyser at the GeoResources Laboratory at the Université de Lorraine,
France. A raster of 15 analysis locations were performed on each white mica, and each
analysis used four laser shots to generate one spectrum. The laser parameters cannot be
modified, all spectra were obtained at a 5-6 mJ/pulse, 10 Hz repetition rate and a 1064
nm pulsed Nd-YAG laser source. The laser spot is approximately 200 μm in diameter.
The Z-300 LIBS analyser produces an extended spectral range from 190 to 950 nm, and
provides detection for major elements (Al, Si, O, Mg, Ca, Li, Na, K, and Fe), minor and
trace elements (Be, Sr, Ba, Cs, Sn, Cs, Ta, Nd, and W) (Fabre et al., 2021). An Ar purge
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is used before testing to improve precision and detection limits (Fabre et al., 2021).
Spectra from the LIBS can be read and interpreted using the Profile Builder software, and
elemental concentrations can be predicted using an established calibration curve.

3.4 Results
3.4.1

EPMA and LA-ICP-MS

In order to compare the Li and other elements in micas analysed by LIBS with EPMA
and LA-ICP-MS, the spatial resolution of the data of the different techniques must be the
same, to account for heterogeneous distribution of elements in individual mica grains. To
achieve this, the EPMA and LA-ICP-MS measurements on single white mica grains were
averaged, resulting in one value per grain.
Four of the eight dikes (Dike 1, Dike 5, Dike 7, Dike 8) were tested using the four
techniques: EPMA, LA-ICP-MS, Raman and LIBS. The K/Rb vs Cs compositions of
white micas are used to interpret the evolution of the various dikes (Figure 3.3), with
increasing evolution the K/Rb ratio decreases, and the Cs abundance increases (Chpt 2).
Dike 1 has a large range in both K/Rb ratio and Cs (ppm), ranging from poor to highly
evolved. Dike 5 has a bimodal distribution of K/Rb ratio and Cs, with half the samples
highly evolved and half poorly evolved, but the lowest Li2O concentrations. Dike 7 has
both the lowest K/Rb ratio and Cs values. Dike 8 has moderate K/Rb ratios and Cs values
and follows a similar trend to Dike 1 and Dike 5. The intermediate zone, in general, has
both the highest and lowest K/Rb and Cs values. Within a singular dike, the central zone
tends to have higher Cs concentrations and lower K/Rb, while the wall zone has lower Cs
concentrations and higher K/Rb ratios (Fig. 3.3).

90

Figure 3.3: K/Rb ratio vs Cs (ppm) graph used to track the evolution of white mica.
Colour represents the dike of origin, Shape represents the zone of origin, and Size
represents Li contents. The black arrow dictates the general trend of evolution.
White mica grains are internally complex, and some grains have both magmatic and
metasomatic portions. In chapter 2, white micas were divided into four textural
groupings: poorly zoned, rimmed, patchy, and rod-shaped inclusion (RSI) hosting, based
on BSE images. The brightness of BSE images is primarily caused by differences in Cs
concentrations, and to a lesser extent, Fe and Mg contents. Brighter images are linked to
secondary features such as fractures, and weaknesses in cleavage planes that were
attributed to post-crystallization metasomatism, and the darker portions are interpreted as
primary magmatic (Chpt. 2). Similar interpretations have been made by Wang et al.
(2007). This can result in a large range in elemental compositions within a single grain
(Figure 3.4). Patchy-textured grains have the largest chemical variation within a grain. By
contrast, poorly zoned grains have very little chemical variation within a grain. The Cs
content of white micas grains range from 0.01 wt% Cs2O to 0.29 wt% Cs2O.
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Figure 3.4: Cs2O (wt%) vs Li2O (wt%) graph of white mica from LA-ICP-MS analysis
data. Dots represent the mean average of all the analyses on a single grain. Crosshairs
extend to the highest and lowest measured concentrations on that grain.

3.4.2

LIBS

Handheld LIBS was used to determine the in-situ Li2O concentrations of the white mica
grains. A raster of 15 analysis were completed on each grain to quantify the Li2O
concentrations (Appendix H). On average, the correlation between Li2O concentrations
obtained from the LIBS and those obtained from LA-ICP-MS is relatively poor (Figure
3.5). However, this does not mean that one or both of the analyses have poor accuracy
and/or precision. The two techniques sample different portions of individual grains at
different scales, although the grain texture and the total Li content of the grain do not
have any discernible effect on the LA-ICP-MS to LIBS Li2O ratio. No individual dike
has a LA-ICP-MS to LIBS ratio closer to 1.0 than the average of all dikes. Grains found
in the wall zone appear to deviate the least from a 1:1 ratio, however, this may be due to a
smaller sample size of those grains.
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Figure 3.5: Comparison of Li2O concentrations of white micas between LA-ICP-MS and
LIBS. Black line shows slope of 1. Colour represents grain texture and shape represents
zone of origin. LIBS=0.56LAICPMS+0.69 R=0.06.

The Li2O contents of the white mica from individual dikes are compared in Figure 3.6.
The LA-ICP-MS values are shown by Figure 3.6a and the LIBS values by Figure 3.6b. It
is significant that the relative concentrations of Li2O are the same using both techniques.
For example, white mica from Dike 8 has the highest average content, 0.95 wt% Li2O
from LA-ICP-MS and 1.24 wt% Li2O from LIBS. White mica from Dike 1 has the
second highest Li2O average, from both LA-ICP-MS and LIBS. Similarly white micas
from Dike 5 and Dike 7 have the lowest Li2O averages from LA-ICP-MS and LIBS
analyses.
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Figure 3.6: Box plots comparing Li2O based on method a) LA-ICP-MS; b) LIBS.

3.4.3

Field Portable Raman spectroscopy

Raman spectroscopy is a powerful tool for identifying minerals. This study attempts to
use a field portable Raman spectrometer to qualitatively distinguish between Li-rich and
Li-poor muscovite grains. Muscovite forms a solid solution with polylithionite and
trilithionite, with the latter as an intermediate phase. During crystallization, Li along with
a divalent cation is substituted into the octahedral site for Al changing the dioctahedral
muscovite into a trioctahedral polylithionite. This structural change in the mica causes
peak shifts in the Raman spectra. Muscovite has three major peaks a 260, 406, and 700
cm-1 and three minor peaks at 193, 910 and 1112 cm-1 (Figure 3.7a; RRUFF, 2021a).
Polylithionite has a Raman spectrum with major peaks at 182, 259, and 708 cm-1 and
minor peaks at 401, 1056, and 1132 cm-1 (Figure 3.7b; RRUFF, 2021b). Trilithionite has
a similar Raman spectrum to polylithionite with major peaks at 190, 263, and 711 cm-1
and minor peaks at 407, 1060, and 1143 cm-1 (Figure 3.7c; RRUFF, 2021c). The peak
intensity shift between the muscovite 190 cm-1 and 406 cm-1 peaks and the polylithionite
182 cm-1 and 401 cm-1 are the most identifiable shifts in the spectra (Figure 3.7). These
peaks were the focus of this study when using the field portable Raman spectrometer on
Li-rich and Li-poor muscovite. Low Li muscovite grains (<0.30 wt% Li2O) were
compared to high Li muscovite grains (>0.30 wt% Li2O) using the portable Raman
spectrometer (Figure 3.8). None of the tests were able to produce spectra with the
identifiable peak shift in the 190 or 406 cm-1 peaks (Appendix I). The resolution of the
portable tool was only able to detect 264 and 700 cm-1 peaks above the background
(Figure 3.8).
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Figure 3.7: White mica reference Raman spectra comparing non-Li white mica a)
Muscovite; to Li white mica b) polylithionite; c) Trilithionite.
The second Raman investigation in this study was to identify other minerals, notably
feldspars. Pegmatites are host to many minerals that are easily misidentified. The
pegmatite dikes in the Wekusko Lake pegmatite field have undergone hematization,
causing many white minerals to appear red or pink (Figure 3.9a). This was most
problematic when trying to identify albite and K-feldspar in the wall and intermediate
zones. In these zones, albite is red instead of the typical white (Figure 3.9a). Raman
spectroscopy uses variation in molecular bonds to distinguish minerals, thus ignoring
visual anomalies in mineral identification. The Raman spectrum for microcline (Kfeldspar) has major peaks at 476 and 511 cm-1 (Figure 3.9a; RRUFF, 2021d) whereas
albite has major peaks at 289, 478 and 506 cm-1 (Figure 3.9b; RRUFF, 2021e). The red
feldspar was tested using the field portable Raman spectrometer and major peaks were
identified at 293, 479 and 506 cm-1 (Figure 3.9c), matching the Raman shift of albite.
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Figure 3.8: Comparison of a high Li (1.29 wt% Li2O) to a low Li (0.29 wt% Li2O)
muscovite grain from Wekusko Lake.
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Figure 3.9: a) Photograph of hematite-stained albite from Wekusko Lake, Mb. Raman
spectra of reference b) microcline; c) albite; compared to d) red albite.

3.5 Discussion
3.5.1

Mica geochemistry

The dikes in the Wekusko Lake pegmatite were ranked based on the average Li (ppm)
whole rock assays and the projected thickness based on field mapping and drill core logs.
These rankings were used to estimate prospectivity and may also fall victim to the
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heterogeneity and nugget effect commonly found in pegmatites. Dike 1 has been drilled
the most and has the most mica samples. The micas display a range in the degree of
evolution (K/Rb vs Cs) and increasing evolution correlates with increasing Li (Figure
3.3). The micas for Dike 8 overlap with the evolution trend for Dike 1 and both have
similar Li2O values (Figure 3.3). These dikes also have the highest and greatest range in
Li2O contents within the white micas, which correlates with the whole rock Li assay
concentrations (Figure 3.10a). Dike 7 has the similar whole rock Li assay values and the
white micas Li2O contents to Dike 1 and Dike 8. However, the white micas from Dike 7
plot as less evolved than Dike 1 and Dike 8 (Figure 3.3; Figure 3.10a). The evolution
trends for Dike 4 and Dike 2 are similar and indicate a low degree of evolution and low
Li2O. Fewer samples from Dike 5 were analysed and half the samples plot as less evolved
and the other half as highly evolved (Figure 3.3). Dike 5 has substantially lower Li2O in
the white micas compared to the other dikes, and it is lower than expected when
compared to the whole rock Li assays (Figure 3.10). There is little change in Li2O content
of the white mica from the wall to the central zone in all the pegmatites, despite whole
rock Li assay values increasing from the wall to central zone (Figure 3.2). The increased
Li whole rock values are interpreted to reflect the higher spodumene content of the
intermediate and central zones. The near-constant Li values in the white micas could
suggest that Li is being buffered by more favourable phases such as Li-aluminosilicates
(e.g., spodumene, petalite and eucryptite) in the central and intermediate zone (Stewart,
1978; Maneta et al., 2015). This could be one explanation for the low Li2O
concentrations in the white mica compared to the whole rock Li in Dike 5. Muscovite
grains from Dike 5 plot among the most evolved samples on a K/Rb vs Cs graph (Figure
3.3). The crystallization of Li-aluminosilicates in pegmatites does not occur once the melt
reaches supersaturation and may require supersaturation of thousands of ppm above
saturation to crystallize (Maneta et al., 2015). The saturation of the melt is temperature
dependent. A melt at 500°C reaches Li saturation at approximately 5000 ppm and
supersaturation at approximately 6250 ppm, whereas a melt at 700°C reaches Li
saturation at approximately 7000 ppm, and supersaturation at 16000 ppm (Maneta et al.,
2015). Once spodumene starts to crystallize (from a supersaturated melt) the Li content
will decrease, as spodumene crystallizes until the Li content of the melt reaches the Li
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saturation value. If micas did not continuously crystallize with spodumene, the Li content
of the mica likely reflects the Li content of the melt at the end of the spodumene
crystallization and the mineral-melt partition coefficient for Li and mica. Lower Li values
in mica either reflect lower temperatures, and lower concentrations of Li in melts for
saturation, or Li values for melts that are not high enough to crystallized spodumene, or
other lithium aluminosilicates. This may help explain why the Li content of the
muscovite in Dike 5 is lower compared to other the dikes. A 50°C change in temperature
would be enough to account for the 2000 ppm Li difference between Dike 5 and Dike 7
muscovite (Maneta et al., 2015). Compared to other dikes, the muscovite in Dike 5 has
higher concentrations of Ta and Cs but lower abundances of Be, and Nb. The lower Be in
muscovite could be due beryl having crystallized before mica (Trueman and Cerny, 1982;
Smeds, 1992; Evensen and London, 2002), depleting the melt of Be. However, this is
hard to determine with certainty without a more in-depth study of the beryls.

Figure 3.10: Box plot comparison of Li2O between a) Whole rock assays; and b) White
micas.

3.5.2

LIBS

The correlation between the Li concentrations obtained from the handheld LIBS and
those obtained from the LA-ICP-MS is poor (Figure 3.5). Mass spectrometers quantify
data by measuring the electrical flow through the faraday cups as ionized particles pass
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through. On the other hand, LIBS measures the intensity of the spectral output from the
plasma. This works well for comparing elements within a sample, but quantification
requires special calibration. The emission spectra generated during LIBS analysis is
affected by the physical and chemical matrix of the material. The physical characteristics
such as, grain size, opacity, crystallinity, hardness, coherence, porosity, surface texture,
moisture content, absorptivity, thermal conductivity, and reflectivity, all affect the
intensity of the spectra generated (Eppler et al., 1996; Gornushkin et al., 2002; Harmon
and Senesi, 2021). Chemical matrix effects occur when the emissions from one element
interfere with the emissions from another element (Russo et al., 1995; Harmon and
Senesi., 2021). These matrix effects make calibrating LIBS for quantification more
challenging. Thus, there is an expected decoupling of quantified LIBS data from LA-ICPMS data. Additional analyses will be needed to explain the poor correlation between
LIBS and LA-ICP-MS analyses.
However, in practical terms the LIBS and LA-ICP-MS tell a similar story, despite the
lack of good linear correlation. Figure 3.6 compares the Li concentrations of micas
between the dikes using both LIBS and LA-ICP-MS. Both graphs show that Dike 5 has
the lowest Li concentrations, Dike 8 has the highest Li concentrations and that there is a
sizable overlap of values between Dike 1, Dike 7, and Dike 8. The most significant
difference between the LIBS and LA-ICP-MS is the standard deviation (Figure 3.6).
While standard deviation an important factor in the confidence placed in a technique, it is
not reasonable to compare the standard deviation of a handheld technique to laboratory
technique. Given that the relative changes in abundances from LIBS and LA-ICP-MS are
the same, it can be concluded that LIBS will be an effective tool that can be used in the
field to rank dikes and decide which dikes warrant more detailed exploration.

3.5.3

Field Portable Raman Spectrometer

The presence of Li rich micas is used to distinguish zones of mineralization in some
pegmatites, e.g., the lepidolite zone at Tanco (Trueman and Cerny, 1982; Cerny and
Ercit, 2005; Cerny, 2005). Chapter 2 has shown how white mica make changes from a
dioctahredal mica to a trioctahedral mica when incorporating Li into the molecular
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structure. Reference spectra (Figure 3.7; RRUFF, 2021a;b;c) of muscovite-trilithionite
solid solution series show how this structural change is reflected in Raman spectra.
However, the handheld device used to analyse the white mica samples in this study could
not detect a noticeable difference in spectra.
Hand sample mineral identification can be problematic in many pegmatites. There are
many amorphous white minerals to distinguish such as albite, microcline, spodumene,
beryl, petalite, pollucite, and amblygonite. The presence of these minerals, especially
albite and K-feldspar, are used for characterizing pegmatites (Trueman and Černý, 1982;
Černý and Ercit, 2005). In this case study, hematization stained many of those minerals
red and hid subtle characteristics. The handheld Raman spectrometer was easily able to
distinguish these minerals.

3.6 Conclusion
Muscovite is a common mineral within pegmatites, which can be used to estimate the
fractionation levels of the host pegmatite. In this study it was possible to use the Li
content of muscovite to distinguish between high Li-bearing pegmatites and low Libearing pegmatites using LA-ICP-MS. However, the zones (e.g., wall, intermediate or
central) within an individual pegmatite were not identifiable using the Li content of
muscovite. Furthermore, the degree of undercooling present during crystallization can
greatly affect the Li-content of the mica while have having minimal effect on whole rock
assays (which is largely reflective of spodumene content of the rock). For the purposes of
general pegmatite exploration, it is less efficient and more costly to determine the Li
contents of mica by LA-ICP-MS compared to LIBS. The handheld LIBS produced higher
Li-concentrations than those obtained from LA-ICP-MS and had a larger standard
deviation but was still able to reproduce similar results. The practicality and applications
of LIBS will increase as more calibrations and standards become widely available.
The handheld Raman was not able to distinguish between the high Li-muscovite and low
Li-muscovite in the studied pegmatites. However, it may still be useful for projects with
larger variations in Li content in muscovite, or hard to identify lepidolite (typically with
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very high Li content). The handheld Raman is a powerful tool for identifying minerals as
it is capable of identifying mineral polymorphs or minerals containing light and heavy
elements. The high speed and low impact nature of the information obtained from the
handheld Raman would be ideal if it were automated or couple with other techniques
(e.g., Corescan).
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Chapter 4

4

Conclusion

White micas are a useful mineral for determining the degree of evolution in pegmatites.
This was achieved using K/Rb ratios paired with an incompatible element such as Cs.
Decreasing K/Rb and increasing Cs is a sign of increasing evolution. The modelling of
fractional crystallization of white micas in pegmatites using these trace elements
determined that the pegmatites are a result of 99% to 99.99% crystallization of a granitic
melt. These models were not able to account for the highest levels of Cs observed in the
white micas. This Cs enrichment was coupled with textural variations observed in
backscatter imagery. This suggests that Cs-enrichment is a result of post-magmatic
interaction with a secondary fluid. The increased evolution of the white mica was also
linked to increased Li contents. Lithium is enriched in white micas through a combination
of octahedral Li-fixation and phengitic substitution.
The link between increased evolution and increased Li content makes white mica a
potential indicator mineral for Li-bearing pegmatites. Dike 1 and Dike 8 show the
greatest potential for Li-mineralization, based on whole rock Li content from assays. The
white micas from these dikes have the greatest Li-content. The micas from the Li-rich
central zone were not identifiable from the micas in the wall or intermediate zone. These
observations were made using both LA-ICP-MS and LIBS. While the LA-ICP-MS data
had more precision than the LIBS, the same conclusions could be made from both data
sets. It can be difficult to quantify Li data from LIBS analyses due to limited calibration
curves. However, in an exploration setting quantification may not be necessary if the
LIBS is being used to comparatively. Distinguishing between high and low Li white
mica, based on intensity, may be sufficient for the majority of samples and final Li values
can be obtained through standard methods. It was not possible to distinguish between a
high Li mica and a low Li mica in this study using Raman spectroscopy. However,
Raman spectroscopy can be used to identify other minerals and it may have a role in
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some petalite-bearing pegmatites. However, it would not be practical in the majority of
Li-exploration projects.

4.1 Future works
To further the understanding of Li substitution into white micas a Fe2+/Fe3+ microXANES study. This can provide further support for the potential deprotonation theorized
in Chapter 2. There is little literature in fluid-mica recrystallization outside of equilibrium
with the melt. Potential fluid-mineral partition coefficients for mica-fluid outside of
equilibrium with the melt would make it possible to create a model to explain the Cs
enrichment presently unexplained by traditional Rayleigh’s crystal fractionation models.
Further investigation into disequilibrium partitioning of Li in supersaturated melts would
explain the high Li in whole rock and low Li in micas observed in Dike 5. Techniques
like LIBS would benefit from the continued work on calibration curves and expanded
standards libraries.
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